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SUMMARY
This  study has been p r i m a r i l y  concerned w i th  assessing a number o f  
m y c o r r h i z a l  f u n g i  f o r  t h e i r  p o t e n t i a l  use in n u rs e ry  i n o c u l a t i o n  o f  
f o r e s t  t r e e  seed I ings .  T h is  assessment  has been accompl ished u s in g  
g lasshouse  and l a b o r a t o r y  t e s t s  t o  d e te rm in e  th e  e f f e c t s  o f  t h e  
m y c o r r h i z a l  fu n g i  on t h e  g ro w th  and n u t r i e n t  s t a t u s  o f  S i t k a  sp ruce  
seed l ings,  and poss ib le  reasons f o r  these e f fe c t s .  The importance o f  
the  s o i l  in t h i s  r e la t i o n s h ip  has a lso  been considered.
The g lasshouse  b io a s s a y s  have shown t h a t  m y c o r r h i z a l  f u n g i  
i s o l a t e d  f rom f o r e s t  e n v i ro n m e n ts  have a more b e n e f i c i a l  e f f e c t  on 
seedl ing  growth in f o re s t  s o i l s ,  w h i l s t  mycorrh izal  fung i  f rom f o r e s t  
nurser ies  improve seed l ing  growth t o  a g rea te r  ex ten t  in nu rse ry - type  
s o i l s .  S i g n i f i c a n t  d i f fe re n c e s  in e f f e c t s  on p la n t  growth and n u t r i e n t  
s ta tus  have been demonstrated not on ly  between d i f f e r e n t  fungal  genera,  
but a lso  between species o f  Laccar ia and between i s o la te s  o f  Thelephora 
t e r r e s t r i s  (Ehrh.)Fr. obtained from d i f f e r e n t  environments.
The r e l a t i o n s h i p  between g r o w t h ,  n u t r i e n t  and m y c o r r h i z a l  
s ta tu s  o f  seedl ings and the a v a i l a b i l i t y  o f  n u t r i e n ts  in s o i l  suggests 
t h a t  the a v a i l a b i l i t y  o f  phosphorus in p a r t i c u l a r  p l a y s  an i m p o r t a n t  
r o l e  in t h e  success o f  t h e  m y c o r r h i z a l  a s s o c i a t i o n .  F u r t h e r m o r e ,  i t  
appears  l i k e l y  t h a t  t h e  a d a p t a t i o n  o f  m y c o r r h i z a l  f u n g i  t o  t h e  
a v a i l a b i I i t y  o f  phosphorus in  t h e i r  r e s p e c t i v e  n a t u r a l  h a b i t a t s  may 
have an in f luence  on t h e i r  d i f f e r i n g  a b i l i t i e s  t o  improve growth  and 
n u t r i e n t  s ta tus  of  seedl ings grown in the  d i f f e r e n t  s o i l  types used in 
t h i s  s tu d y .
F i n a l l y ,  t h e  v a lu e  o f  t h e  v a r i o u s  t e c h n iq u e s  used f o r  a s s e s s in g  
the mycorrh iza l  fungi  is a lso considered.
i
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LITERATURE SURVEY
Chapter 1 The mycorrhiza and its  environment
The m y c o r r h i z a l  a s s o c i a t i o n  has been s t u d ie d  f o r  more than  a 
c e n t u r y .  O p in io n s  on t h e  im p o r ta n c e  o f  m y c o r r h i z a s  in  t h e  n a t u r a l  
environment have been c o n t ro v e rs ia l  dur ing most of  t h a t  t im e.  On the  
b a s i s  o f  e v idence  co l  le c te d  f rom  many e c o l o g i c a l ,  p h y s i o l o g i c a l  and 
b i o c h e m i c a l  s t u d i e s  t h i s  r e l a t i o n s h i p  between p l a n t  r o o t s  and 
s p e c i a l i z e d  s o i l  f u n g i  i s  now g e n e r a l l y  accep ted  as one o f  mutua l  
symbiosis.
1.1 Mycorrhizas; th e ir  occurrence, d istribu tion  and s p e c ific ity
The mycorrh iza l  phenomenon was f i r s t  descr ibed by Unger in 1840. 
S ince  then  d i f f e r e n t  t y p e s  o f  m y c o r r h i z a  have been c l a s s i f i e d  on t h e  
bas is  o f  t h e i r  gross morphology (Peyronel £± a±,, 1969), and these are 
descr ibed below.
In e c t o m y c o r r h i z a s  a we I I - d e v e I  oped, u s u a l l y  compact  l a y e r  o f  
fungal hyphae is formed around the  absorbing shor t  roo ts  o f  the  p la n t  
host,  and t h i s  is  termed the sheath or mant le.  Fungal hyphae from the  
sheath penetra te  through the r o o t  sur face and in te r c e l  I u l a r l y  between 
t h e  c o r t i c a l  c e l l s ,  som et im es  as f a r  as t h e  endode rm is ,  t o  fo rm  a 
s t r u c t u r e  known as t h e  H a r t i g  n e t .  In most t y p e s  o f  e c t o m y c o r r h i z a  
hyphae, myce l ia l  cords (or  s trands)  and rhizomorphs ra d ia te  o u t  f rom 
the sheath sur face in to  the surrounding s o i l .
The e n d o m y c o r rh i z a  i s  c h a r a c t e r i z e d  by bo th  i n t e r c e I  I u I a r  and 
i n t r a c e l I u I a r  pene t ra t ion  o f  the c o r t i c a l  c e l l s  by the  fungal  hyphae, 
and u n l i k e  the ectomycorrh iza has l i t t l e  aggregat ion o f  fungal# m a te r ia l  
around the ou ts ide  sur face o f  the  absorbing roo t .  Endomycorrhizas a lso  
possess ex terna l  hyphae which branch out in to  the  surrounding s o i l .
Another group termed the  ectendomycorrhizas is less wel l  de f ined.  
A l t h o u g h  t h e s e  s t r u c t u r e s  a r e  more  c l o s e l y  r e l a t e d  t o  t h e  
e c t o m y c o r r h i z a s  ( H a r I e y , 1 9 6 9 ) ,  t h e r e  i s  some i n t r a c e  I I u I a r  
pene t ra t ion  of  p la n t  cel Is.
Lew is  (1973) has proposed t h a t  t h e  n u t r i t i o n a l  as w e l l  as t h e  
morphological  c h a r a c t e r i s t i c s  shou ld  be c o n s id e re d  when c l a s s i f y i n g
mycorrh iza l  assoc ia t ions .  In h is  c l a s s i f i c a t i o n  fou r  d i s t i n c t  groups 
are descr ibed as opposed t o  the two major groups proposed by Peyronel 
e t  a I . (1969). The ectomycor rhizas  of  Peyronel £± are renamed the  
shea th  i ng mycorrh  izas  by Lew i s ,  wh i I s t  t h e  endomycorrh  i z a l  g roup i s 
d i v i d e d  i n t o  v e s i c u I a r - a r b u s c u I a r ,  e r i c a c e o u s  and o r c h id a c e o u s  
mycorrh iza l  groups. Th is  f u r t h e r  s u b d i v i s i o n  o f  t h e  endomycorrh  i za I 
g roup is  w a r ra n te d  because th e  v e s i c u fa r - a r b u s c u la r  mycorrh iza has a 
b i o t r o p h i c  mode o f  n u t r i t i o n  s i m i l a r  t o  t h a t  o f  t h e  s h e a th in g  
mycorrh iza,  whereas the orchidaceous and some er icaceous mycorrh iza l  
assoc ia t ions  have a nec ro t roph ic  mode of  n u t r i t i o n .
About 95p o f  a l l  vascu lar  p la n t  species in the wor ld today belong 
t o  f a m i l i e s  which are c h a r a c t e r i s t i c a I  Iy  m y c o r r h i z a l  (T rappe ,  1 977). 
The few p la n t  species which e x i s t  w i th o u t  mycorrhizas occur in f a m i l i e s  
such as the Cruc?ferae and Chenopodiaceae and amongst aqua t ic  species 
(Marx and Krupa, 1978).
The m a j o r i t y  o f  p l a n t  s p e c i e s  a r e  e n d o m y c o r r h i z a I . The 
ectomycorrh izas are t y p i c a l  of  on ly  %  o f  p la n t  species (Trappe, 1962), 
but  t h i s  group conta ins  many im por tan t  f o r e s t  t rees ,  ornamentals and 
nut c rops .
Ectomycorrh izal  t r e e  species occur predominant ly  in the cool and 
te m p e ra te  r e g io n s  o f  E u ra s ia  and N o r th  Am er ica  (Moser ,  1967),  and 
p a r t i c u l a r l y  in the boreal con i fe rous  zones and deciduous f o r e s t  zones 
extending from the sub-a lp ine  t i m b e r l i n e  reg ions t o  Mediter ranean areas 
(Meyer ,  1 973). In some in s ta n c e s  e c t o m y c o r r h i z a  I s p e c ie s  o c c u r  
n a t u r a l l y  in A u s t ra la s ia  (Eucalypts)  and in South America (Nothofaaus) 
( M i k o l a ,  1980).
In c o n t ra s t ,  endomycorrhizal t r e e  species are more t y p i c a l  o f - s u b ­
t r o p i c a l  reg ions where the re  are few ec tomycorrh iza l  assoc ia tes  (Meyer, 
1973).
There is some degree of  s e l e c t i v i t y  between the  p la n t  and fungus 
species when forming an ec tomycorrh iza l  assoc ia t ion ,  and t h i s  may be 
f u r t h e r  r e l a t e d  t o  e n v i r o n m e n t a l  c o n d i t i o n s  c o n d u c iv e  t o  bo th  
mycorrh iza l  par tners  such as c l im a te  and s o i l .  An extreme example o f  
spec i f i c i t y  can be seen w i t h  t h e  f u n g i  Su i I  I us g re v  ? I Ie i and Su i I  I us 
t r i d e n t i n u s  which w i l l  form mycorrhizas w i t h  Lar?x species o n ly  (Meyer, 
1973). Other mycorrh izal  fung i  such as P i s o l i t h u s  t i n c t o r ?us have a
wide host  range (Marx, 1577).
Most  ec tom yco r  r  h i za I f u n g i  a re  ’e c o l o g i c a l l y ’ o b l i g a te  pa ras i tes  
(G a r re t t ,  1960). In t h e i r  na tura l  envi ronment species o f  Ab ies. Lar?x. 
P j c e a . P i n u s . Fagus and Quercus a re  obi  i g a t e  e c t o m y c o r r h i z a I  t r e e s .
Whereas o thers  such as Cupressus. S a l i x ,  f i s tu la ,  Alnus and Eucalyptus 
are more f a c u l t a t i v e ,  these t ree s  o f te n  being pioneers of  wasteland in 
f o r e s t  succession (Meyer, 1973).
The ectomycorrh izas  on one t re e  r o o t  system are r a r e l y  formed by a 
s i n g l e  f u n g a l  s p e c ie s  in t h e  n a t u r a l  f o r e s t .  In f a c t  many d i f f e r e n t  
m y c o r r h i z a l  fu n g i  a re  o f t e n  found on one r o o t  system (Zak and Bryan,  
1963; Zak and Marx, 1964).
1.2 C lassifica tion  M  ectomycorrhiza i lung?
Many e c t o m y c o r r h i z a  I f u n g i  a re  B a s id io m y c e te s ,  b u t  some o t h e r s  
such as the commonly found Cenococcum geoph i I urn and the t r u f  f I e - fo rm ing  
Tuber  s p e c ie s  a re  Ascomycetes.  The u b i q u i t o u s  ' E - s t r a i n *  fungus  
(Comp I ex ? pes rnon ? I ? fo rm  ? s ) i s  t h o u g h t  l i k e l y  t o  be an Ascomycete  
(Danielson, 1982; Thomas and Jackson, 1982b).
When i d e n t i f y i n g  the fungal pa r tne r  of  a mycorrh iza the  host p l a n t  
s p e c ie s  shou ld  be quo ted t o g e t h e r  w i t h  a d e s c r i p t i o n  o f  t h e  h a b i t a t  
from which i t  was is o la ted ,  as these a d d i t io n a l  f a c to rs  may be useful  
f o r  i d e n t i f y i n g  the fungus. The c h a r a c te r i z a t io n  o f  mycorrh iza l  fung i  
is  p r o b l e m a t i c a l  f o r  v a r i o u s  reasons .  Many o f  t h e s e  fu n g i  a re  
d i f f i c u l t  o r  even im p o s s i b l e  t o  grow in  c u l t u r e ,  though o t h e r s  a re  
r e l a t i v e l y  easy t o  grow.
I t  is unwise t o  gene ra l ize  when desc r ib ing  mycorrh izas formed by 
d i f f e r e n t  s p e c ie s  o f  a funga l  genus,  p a r t l y  because s p e c ie s  f r o m  a 
s i n g l e  genus can d i f f e r  in t h e i r  i n f l u e n c e  on th e  m y c o r r h i z a l  p l a n t  
(Young, 1940; Theodorou and Bowen, 1970; Lamb and R ic h a r d s ,  1971; 
H o ld e n  jgt  iU_., 1 98 3 ) .  A l s o  some o f  t h e  s p e c i e s  may n o t  f o r m  
m ycor rh  i zas ,  f o r  i n s t a n c e  t h e  genus  T r  i c h o I o m a i n c l u d e s  b o t h  
mycorrh iza l  and l i t te r -d ecom pos ing  species (Norkrans, 1950).
The m orpho logy  o f  m y c o r r h i z a s  i s  due p r i m a r i l y  t o  t h e  f u n g a l  
a s s o c i a t e  (Zak, 1973),  b u t  t h e  t r e e  s p e c ie s  can a l s o  have some 
in f luence  on t h e i r  gross shape (Marks and Foster ,  1973). Mycorrh izas  
fo rmed by Cenococcum geoph i I  urn have a remarkab ly  cons tan t  s t r u c t u r e  
cons ide r ing  the d ive rse  p la n t  host range of  t h i s  fungus (Zak, 1973).
The g ros s  m orpho logy  o f  t h e  m y c o r r h i z a l  r o o t  is  q u i t e  d i s t i n c t  
f rom the un in fec ted  r o o t  being t h i c k e r ,  more b r i t t l e  and may be one of  
a range of  d i f f e r e n t  co lours.
Methods f o r .  i d e n t i f y i n g  the fungal assoc ia te  of  mycor rhizas  have 
been e la b o r a t e d  by D om in ik  (1969) and Zak (1971).  These methods a re  
based on m o rp h o lo g ic a l  d e s c r i p t i o n s  o f  t h e  e c t o m y c o r r h i z a  such as 
sheath co lou r ,  the  shape and s ize  of  the mycorrhiza which can vary f rom 
monopodial t o  complex c o r a l l o i d  s t ru c tu re s ,  the  presence o f  sur rounding 
mycelium and rhizomorphs, sheath t e x tu re  and th ickness,  chemical co lou r  
reac t ion s  and f luorescence,  odour and ta s te ,  m ic roscop ic  study o f  clamp 
c o n n e c t i o n s  and h y p h a l  f o r m .  U n f o r t u n a t e l y  some o f  t h e s e  
c h a r a c t e r i s t i e s  may change w i th  age and environmental  c ond i t ion s .
One d i r e c t  method o f  i d e n t i f i c a t i o n  i n v o l v e s  t r a c i n g  t h e  
r h i z o m o r p h s  f r o m  an i d e n t i f i a b l e  s p o r o c a r p  t o  t h e  u n d e r l y i n g  
m y c o r r h i z a s .  T h i s  is  a d e l i c a t e  and t e d i o u s  p ro c e d u re ,  and is  n o t  
a p p l i c a b l e  t o  t h o s e  m y c o r r h i z a l  f u n g i  wh ich  r a r e l y  o r  neve r  fo rm  
sporocarps.
I f  i t  i s  p o s s i b l e  t o  i s o l a t e  t h e  fungus f rom t h e  n a t u r a l
mycorrh iza,  i t  can be compared t o  known c u l t u r e s  from sporocarp t i s s u e .  
T h i s  method is  o f  cou rse  l i m i t e d  t o  t h o s e  f u n g i  t h a t  w i l l  grow in  
c u l t u r e .  Once the  mycorrh iza l  fungus has been c u l tu re d  i t  is  pos s ib le  
t o  r e - f o r m  t h e  m y c o r r h i z a  on s e e d l i n g s  in pure  c u l t u r e  s y n t h e s i s  
(Mel i n ,  1921). However,  i t  must  be s t r e s s e d  t h a t  t h e  n u t r i e n t  
c o m p o s i t i o n  o f  th e  c u l t u r e  medium can a f f e c t  t h e  m orpho logy  o f  
synthes ized mycorrhizas,  and t h e re fo re  care must be taken in comparing 
a s e p t i c a l l y  s y n th e s i z e d  m y c o r rh iz as  w i th  natural  mycor rhizas  (Thomas 
and Jackson, 1979).
S y n th e s iz e d  m y c o r r h i z a s  o c c a s i o n a l l y  produce s p o r o c a rp s  in  p o t  
c u l t u r e ,  and t h i s  then perm i ts  a p o s i t i v e  i d e n t i f i c a t i o n  o f  the  fungus.
1.3 SoiI properties and the mycorrhiza
No s o i l  is un i fo rm w i th  respect  t o  ae ra t ion ,  o rgan ic  m a t te r ,  f l o r a
and f a u n a ;  in  p a r t i c u l a r  t h e  o r g a n i c  h o r i z o n s  a r e  much m ore
b i o l o g i c a l l y  a c t i v e  than  lo w e r  h o r i z o n s  ( H a r le y ,  1948).  The s o i l  
s u r r o u n d in g  r o o t s  is  c a l l e d  th e  r h i z o s p h e r e  and possesses  a h i g h e r  
c o n c e n t r a t i o n  o f  r o o t  exud a te s ,  c o n s e q u e n t l y  i t  i s  more d e n s e ly  
populated w i th  mic ro-organ isms than t h a t  f u r t h e r  away. The b i o l o g i c a l  
a c t i v i t y  o f  t h e  s o i l  i s  a f f e c t e d  by changes in seasona l  c l i m a t e .
A c t i v i t y  peaks occu r  in t h e  s p r i n g  when t h e r e  is  a l s o  maximum p l a n t  
g r o w th ,  and in t h e  autumn when th e  amount o f  p l a n t  d e b r i s  (and hence 
n u t r i e n t s )  in c re a s e s .  There  is  a c o n t in u o u s  annual  t u r n o v e r  o f  
o rgan ic  m a t te r  in natura l  s o i l  r e s u l t i n g  f rom cyc les  o f  growth,  ageing 
and decay o f  p l a n t  and s o i l  o rg a n is m s ,  and t h i s  t o  some e x t e n t  
determines the s t r u c tu r e  o f  the sur face s o i l  layers.
In temperate and sub -a lp ine  areas, t y p i c a l  of  ec tomycorrh iza l  t r e e  
species,  the s o i l s  are g en e ra l l y  brown f o r e s t  s o i l s  or  podzols w i th  raw 
humus layers.  These s o i l s  are commonly i n f e r t i l e  w i th  large organ ic  
accumulat ions r e s u l t i n g  from the adverse e f f e c t s  of  c l i m a t i c  c o n d i t io n s  
on t h e  n a t u r a l  m i n e r a l i z a t i o n  p rocesses  and b i o l o g i c a l  a c t i v i t i e s  
w i t h i n  the s o i l  (Meyer, 1973).
The d i s t r i b u t i o n  o f  m y c o r r h i z a s  in s o i l  v a r i e s  w i t h  dep th ,  
m y c o r r h i z a l  s h o r t  r o o t s  be ing  most abundant  in t h e  humus l a y e r s  
(R o m e l l ,  1935). Harvey a l .  (1978) s t u d i e d  t h e  d i s t r i b u t i o n  o f  
ectomycorrh izas in a na tura l  f o r e s t  s o i l  and found 61 £ in humus, 22$ in 
decayed wood, 12% in c h a rc o a l  ( r e s u l t i n g  f rom i n t e r m i t t e n t  f o r e s t  
f i r e s )  and o n l y  4% in t h e  lo w e r  m in e r a l  l a y e rs .  The s u i t a b i l i t y  o f  
c o n d i t i o n s  f o r  m y c o r r h i z a l  r o o t  f o r m a t i o n  may va ry  in t h e  d i f f e r e n t  
o r g a n i c  l a y e r s ;  f o r  i n s ta n c e  m y c o r r h i z a s  a re  found t o  be b e t t e r  
deve I oped i n t h e  F (0^) I aye r  than  i n t h e  H (C^) I a ye r  (Me I in ,  1 927).
The loss of  n u t r i e n t s  f rom organ ic  m a t te r  by leaching down through 
t h e  so i  I p r o f  i I e i s  I a rge I  y p re v e n te d  by t h e  a c t  i v i t y  o f  so i  I m i c r o -  
o rg a n is m s  ( H a r le y ,  1969).  There  i s  some ev idence  t h a t  m y c o r r h i z a l  
roo ts  can suppress decomposi t ion o f  l i t t e r ,  al though the  mechanism is 
not c le a r  (Gadgil and Gadg i l ,  1971, 1975). Th is  may c o n t r i b u te  t o  raw 
humus fo rm at ion  and s t a b i l i z e  the system aga ins t  loss of  n u t r i e n t s  by 
leaching.
M y c o r r h i z a l  f u n g i  appear  t o  be obi  i g a t e  aerobes in c u l t u r e ,  and 
are predominant ly  found in the sur face  layers  o f  s o i l  where oxygen is 
p l e n t i f u l  (Marx and Krupa, 1978). The r e s p i r a t i o n  ra te  of  m ycorrh iza l  
r o o t s  is  h i g h e r  than  n o n - m y c o r r h i z a I  r o o t s  ( M i k o l a ,  1967). Oxygen 
d i f f u s i o n  in t h e  s o i l  is  r e l a t e d  t o  b u l k  d e n s i t y ,  so m y c o r r h i z a l  
f o r m a t i o n  i s  i n h i b i t e d  in  heavy c l a y  s o i l s  where t h e r e  a re  bo th  
mechan ica l  and a e r a t i o n  p rob lem s  ( F a s s i ,  1967; S k in n e r  and Bowen, 
1974b).
Water supply is a lso  impor tan t  f o r  mycorrh iza l  development (Worley
and H a c s k a y lo ,  1959). C e r t a i n  m y c o r r h i z a s  a re  s e n s i t i v e  t o  w a te r
s t r e s s ,  w h i l e  o t h e r s ,  p a r t i c u l a r l y  th o s e  formed by Cenococcum
geoph i I u m. a re  a p p a r e n t l y  much more t o l e r a n t  (Mexal and Re id ,  1973). 
The balance between s o i l  mo is tu re  and ae ra t ion  is t h e re fo re  c r i t i c a l .
F o r e s t  soi  Is w i t h  raw humus la y e rs  genera l  ly  have a low pH. In
so i  I s o f  t e m p e ra te  r  eg ions where t h e  pH is  less  than 5.5 a I most  a l l
r oo ts  are ectomycorrh izal  (Hatch and Doak, 1933). The optimum pH f o r  
th e  g r o w th  o f  many m y c o r r h i z a l  f u n g i  is  between 4.0 and 6.0 (Modess, 
1941), and Bjorkman (1941) repor ted t h a t  mycorrh iza l  development is  not 
adverse ly  a f fe c ted  in s o i l s  w i t h i n  a pH range o f  4.5 t o  7.5.
The optimum growth tempera ture  f o r  most ec tomycorrh izaI  fung i  l i e s  
between 18 and 27 °C ( H a r le y ,  1 969).  Growth  o f  m y c o r r h i z a l  f u n g i  
u s u a l l y  ceases above 35 °C and be low 5 °C (Hacskay I o & ±., 1965).  
There are excep t ions such as P i s o l i t h u s  t i n c t o r i u s  which w i l l  grow a t  
40 °C ( Marx a l . ,  1 970),  and Pax ? I I us i n vo I u tus  is  a b le  t o  grow a t
tempera tures as low as -2 t o  +4 °C (Moser, 1958a).
1.4 Conditions I ql mycorrhizai ro o t .format i on
The process of  mycorrh iza l  i n f e c t i o n  has been reviewed by Marks 
and F o s t e r  (1973).
The re  i s  no a c c o u n ta b le  d e g r a d a t i o n  o r  a l t e r a t i o n  o f  c e l l s  in 
e c t o m y c o r r h i z a  I r o o t  f o r m a t i o n  as f o u n d  in  t y p i c a l  p a t h o g e n i c  
invasions. The hyphae appear t o  pene t ra te  between the  c o r t i c a l  cel  Is 
by i n i t i a l l y  s o f t e n i n g  components  o f  t h e  m i d - l a m e l l a r  r e g i o n ,  and 
advanc ing  f u r t h e r  by m echan ica l  p r e s s u r e  ( F o s t e r  and Marks,  1967).  
Recent work  has i n d i c a t e d  t h a t  p r o te a s e  and phenoI o x id a s e  may be 
im por tan t  enzymes produced by the fungus f o r  t h i s  pen e t ra t io n  between 
p l a n t  r o o t  c e l l s ,  w h e re a s  p e c t i n a s e  a c t i v i t y  has n e v e r  been 
s i g n i f i c a n t l y  d e m o n s t r a t e d  in  m y c o r r h i z a l  f u n g i  (R am s ted t  and 
Soderha l l ,  1983). The fungus then spreads l o n g i t u d i n a l l y  between the  
ce l  Is o f  t h e  long r o o t  c o r t e x  and a c t s  as a source  o f  i n f e c t i o n  f o r  
emerging s ho r t  roo ts .  The i n fe c t io n  can a lso spread e x t e r n a l l y  f rom 
the sheath by hyphal cords from one s ho r t  ro o t  t o  another (Robertson, 
1954).
In t h e  f i r s t  g ro w in g  season i n f e c t i o n  is  m a in l y  by s o i l - b o r n e  
in o c u la  such as b a s i d i o s p o r e s ,  c h Iam ydospo res  and s m a l l  s c l e r o t i a ,  
whereas in subsequent seasons mycorrh izas are a lso  formed from in fec ted  
parent  roo ts  (Robertson, 1954).
L ig h t  appears to  s t im u la te  mycorrh iza l  development on the  seed l ing  
(Wenger, 1955), and mycorrh iza l  r o o t  fo rm a t ion  can be c o r re la te d  t o  the 
appearance o f  t h e  f i r s t  f o l i a g e  leaves  in P ? nus and P ? cea ( L a ih o  and 
M ik o l a ,  1964), wh ich s ugg es ts  t h a t  p h o to s y n th a te  i s  r e q u i r e d  by t h e  
fungus p r i o r  t o  i n fe c t io n .  In c u l t u r e  mycor rhizal  fungi  can a s s im i l a t e  
o n l y  s im p le  s u g a rs ,  g lu c o s e  be ing  t h e  most r e a d i l y  u t i l i z e d  (Mel in ,  
1925).  A few m y c o r r h i z a l  fu n g i  a re  a b le  t o  metabol  ize  more com p lex  
carbohydrates such as m ann i to l ,  glycogen and s tarch in c u l t u r e  (Palmer 
and Ha cskay lo ,  1970),  though th e s e  may be c o n s id e re d  as f a c u l t a t i v e  
symb io n ts .
The s t im u lu s  f o r  i n f e c t i o n  is unknown. Mel in (1963) repor ted  t h a t
m e ta bo l i tes  in pine r o o t  exudates s t im u la te d  the growth o f  mycorrh iza l
f u n g i .  He te rm ed  t h e  a c t i v e  component  w i t h i n  these  exud a te s  t h e  *M-
f a c t o r 1. H i s c o - w o r k e r  N i l s s o n  found t h a t  t h e  s t  i mu I a t o r y  e f f e c t  o f
•a
t h e  'M - f a c t o r *  c o u ld  be m im icked  by d i p h o s p h o p y r i d i n e  n u c l e o t i d e  
(Mel i n ,  1963). M y c o r r h i z a l  f u n g i  have r e q u i r e m e n t s  f o r  v i t a m i n s ,  
p a r t i c u l a r l y  th iam ine  , in c u l t u r e  (Mel in, 1954). These toge the r  w i th  
p la n t  photosyn thate may a lso  be involved in i n i t i a t i n g  i n f e c t i o n  in the  
roo t ,  a l though i t  must added t h a t  the p la n t  r o o t  is  no t  the  on ly  source 
o f  v i t a m in s  in the  rh izosphere (Rambel l i ,  1973).
Stahl (1900) suggested t h a t  a s o i l  w i th  a poor n u t r i e n t  s ta tu s  is 
a p r im a r y  c r i t e r i o n  f o r  m y c o r r h i z a l  r o o t  f o r m a t i o n ,  and f u r t h e r  
proposed t h a t  the  f requency of  mycorrhizas is in ve rse ly  p ro p o r t io n a l  t o  
t h e  f e r t i l i t y  o f  t h e  s o i l .  In t y p i c a l l y  i n f e r t i l e  f o r e s t  s o i l s  
m y c o r r h i z a l  s h o r t  r o o t s  a re  numerous and w e l l  deve loped  ( S c h m id t ,  
1947).
In h is  exper iments Hatch (1936, 1937) found t h a t  balanced o r  high 
l e v e l s  o f  m i n e r a l s  in t h e  s o i l  c e r t a i n l y  decrease t h e  i n t e n s i t y  o f  
m y c o r r h i z a s ,  b u t  so do s t a r v a t i o n  l e v e l s  o f  e s s e n t i a l  n u t r i e n t s .  
However, when these n u t r i e n t s  are present  a t  low le ve ls  the  mycor rh iza l  
i n t e n s i t y  is  in c re a s e d .  Hence S t a h l ’ s p r o p o s a ls  a re  v a l i d  w i t h i n  
c e r t a i n  l i m i t s .  Hatch (1937) f u r t h e r  sugges ted  on t h e  b a s i s  o f  h i s  
r e s u l t s  t h a t  i t  is the  n u t r i e n t  s ta tus  o f  the p la n t  r a th e r  than t h a t  of  
t h e  s o i l  wh ich  d i r e c t l y  d i c t a t e s  t h e  f o r m a t i o n  o f  m y c o r r h i z a s .  He 
c onc luded  t h a t  d e f i c i e n c i e s  o f  n u t r i e n t s  in t h e  s o i l ,  p a r t i c u l a r l y  
n i t r o g e n ,  phosphorus ,  po ta s s  i urn and c a l c i  urn, I ead t o  a change in  t h e  
i n t e r n a l  n u t r i e n t  s t a t u s  o f  t h e  p l a n t ,  and t h i s  in  t u r n  c o n t r o l s
•Xr
Now known as NAD
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mycorrh iza l  ro o t  fo rmat ion .
Bjorkrnan (1942) considered t h a t  le ve ls  of  n i t rogen  and phosphorus, 
b u t  not .  c a l c i u m  and p o ta s s iu m ,  a re  i m p o r t a n t  in d e t e r m i n i n g  t h e  
mycorrh iza l  assoc ia t ion .  From h is  exper iments Bjorkrnan speculated t h a t  
when n i t rogen  and phosphorus are present a t  high leve ls  the  metabol ism 
o f  p h o to s y n th a te  in  t h e  p l a n t  tends  t o w a rd s  p r o t e i n  s y n t h e s i s .  Thus 
the  level  of  so lub le  carbohydrate in the roo ts  is reduced. S i m i l a r l y ,  
i f  l i g h t  l e v e l s  a re  lowered t h e  p h o t o s y n t h e t i c  r a t e  is  reduced 
r e s u l t i n g  in decreased leve ls  of  so lub le  carbohydrate a v a i l a b le  t o  the 
mycorrh iza l  fungus. Bjorkrnan t h e r e fo re  concluded t h a t  the fo rm a t ion  of  
mycorrh izas is d i c ta te d  by the carbohydrate s ta tus  of  the  p lan t .
Hand ley and Sanders (1962) repea ted Bjorkmari’ s exper iments using 
non-mycor rh izal  p lan ts ,  bu t  found t h a t  the  level  of  reducing sugars in 
the  r o o t  does not increase w i th  l i g h t  i n t e n s i t y .  They concluded t h a t  
the increase in so lub le  carbohydrates w i th  l i g h t  i n t e n s i t y  suggested by 
B jorkrnan i s  a r e s u l t  and no t  a cause o f  m y c o r r h i z a l  f o r m a t i o n .  
However,  Marx ,a±. (1977) have c o n f i r m e d  p a r t  o f  B jo r k m a n ’ s
h y p o th e s is  by d e m o n s t r a t i n g  t h a t  h igh  n i t rogen  and phosphorus in the  
s o i l  induce a decrease o f  s uc ros e  in t h e  a b s o rb in g  r o o t s  o f  P ? nus 
t a e d a . wh ich r e s u l t s  in a d r a m a t i c  r e d u c t i o n  in m y c o r r h i z a l  r o o t  
fo rm at ion .
S l a n k i s  (1971) has d e s c r ib e d  e x p e r im e n ts  on t h e  r e l a t i o n s h i p  
between auxin product ion by the  fungus, s o i l  n i t rogen  level  and l i g h t  
l e v e l ,  and t h e i r  combined e f f e c t s  on t h e  p l a n t  r o o t .  S l a n k i s ,  I ike  
Bjorkrnan, found t h a t  high n i t rogen  leve ls  o r  low l i g h t  le ve ls  i n h ib i t e d  
m y c o r r h i z a l  f o r m a t i o n ,  bu t  f rom a d d i t i o n a l  s t u d i e s  w i t h  a u x in  he 
speculated t h a t  a) high n i t rogen  i n h i b i t s  the syn thes is  o f  auxin by the 
fungus ,  and b) a t  low l i g h t  i n t e n s i t y  some f a c t o r  i n t e r f e r e s  w i t h  
fu n g a l  a u x in .  He i n t e r p r e t e d  t h i s  f a c t o r  as be ing  e i t h e r  t h e  
p r e v e n t i o n  o f  a r e q u i r e d  i n t e r a c t i o n  between funga l  a u x in  and some 
r o o t  m e tabo l i te  (o ther  than sugar),  or  poss ib ly  the fo rm a t ion  o f  auxin 
i n h i b i t o r s  in the  roo t .  I t  should perhaps be noted t h a t  auxin may have 
a r o l e  in th e  m o b i l i z a t i o n  o f  c a r b o h y d r a te s  in  p l a n t s  (see Meyer ,  
1966).
The r o l e  o f  l i g h t  and r e d u c in g  sugars  in m y c o r r h i z a l  r o o t  
fo rm a t ion  is th e re fo re  more complex than Bjorkrnan f i r s t  suggested.
The externa l  con d i t io n s  requ i red  f o r  the fo rm at ion  of  mycorrh izas
can t h e r e f o r e  be summarized as t h e  presence o f  s u i t a b l e  m y c o r r h i z a l  
f u n g i ,  an e n v i r o n m e n t  c o n d u c iv e  t o  t h e  v i r u l e n c e  o f  t h e  f u n g i ,  t h e  
a p p r o p r i a t e  d e v e lop m en ta l  s ta ge  o f  t h e  p l a n t  arid t h e  e f f e c t s  o f  t h e  
envi ronment  on the  p la n t  w i th  respec t  t o  in te rna l  r o o t  phys io logy and 
r o o t  exudates.
1.5 M.a.i ntenance, com petit i on, antagon ? s t s  mutual i s t s
The es tab l ishm en t  of  t h i s  sym b io t ic  r e la t i o n s h ip  re q u i re s  t h a t  the 
fungus  no t  o n l y  g a in s  e n t ra n c e  i n t o  t h e  h o s t  p l a n t ,  b u t  t h a t  i t  a l s o  
m a i n t a i n s  a c e r t a i n  p h y s i o l o g i c a l  s t a t e .  T h is  seems t o  be a v e ry  
complex process in which fungal auxin in te r a c t s  w i th  c e r t a in  host p la n t  
m e tabo l i tes  (S lank is ,  1971).
Mycorrh iza l  fungi  may produce and release c y to k in in s .  C y to k in in  
a c t i v i t y  has been demonstrated in Rhizopooon l u te o lu s . Su ?I I us species,  
Cenococcum geoph ? I urn and The I ephora t e r r e s t r  i s ( M i l l e r ,  1971).  
C y tok in ins  may be associated w i th  morphologica l  changes iri the  r o o t  as 
wel I as t h e  p r o d u c t i o n  o f  phenol ic  compounds in t h e  p l a n t  w h ich  a re  
formed in the  hype rse ns i t i ve  c o n t r o l  o f  p a th o g e n ic  i n v a s io n  ( M i l l e r ,
1971).
Perhaps funga l  aux in  and c y t o k i n i n  p re v e n t  m a t u r a t i o n  and 
s u b e r i z a t io n  o f  the ro o t ,  thereby enabl ing the fungus t o  c o lo n iz e  the 
r o o t  more e a s i l y  and t o  promote i t s  lo ngev i ty  (Hacskaylo, 1971).
The e f f e c t  o f  r h i z o s p h e r e  o rg a n is m s  s hou ld  a l s o  be c o n s id e r e d .  
Many s o i l  m ic r o - o r g a n i s m s  w i l l  compete  w i t h  m y c o r r h i z a l  f u n g i  f o r  
e s s e n t i a l  n u t r i e n t s  in t h e  r h i z o s p h e r e .  M y c o r r h i z a l  f u n g i  escape 
i n t e n s e  m i c r o b i a l  c o m p e t i t i o n  by occup y ing  a v e ry  s p e c i a l  ized n i c h e  
(Marx and Krupa, 1978).
M y c o r r h i z a l  f u n g i  a re  i n h i b i t e d  by CaI Iuna . and t h i s  has been 
shown where e x o t i c  pines have f a i l e d  t o  e s ta b l i s h  on heathland (Rayner 
and M e i I s o n -J o n e s ,  1944). T h is  i n h i b i t i o n  o f  m y c o r r h i z a l  f u n g i  has 
been a t t r i b u t e d  t o  the a n t i b i o t i c  a c t i v i t y  o f  some Pen ic ?I I i  um species 
a s s o c ia t e d  w i t h  Ca I I una ( B r i a n  £± a ± .,  1945),  and t o  i n h i b i t o r y
subs tance s  in  t h e  exud a te  f rom  CaI Iuna r o o t s ,  p o s s i b l y  t h o s e  w i t h  
er icaceous mycorrhizas (Handley, 1963). Nematodes have been known t o  
ea t  or  damage ectomycorrh izas (Bareham g±  ^ 1., 1974).
Some s o i l  m ic r o - o r g a n i s m s  may be mutua l  i s t i c  t o  m y c o r r h i z a l  
fo rm a t ion  e i t h e r  by a) increas ing  the leakage of  subs t ra te  f rom ro o ts ,
b) s t im u la t i n g  mycorrh iza l  fungi  w i th  growth re g u la to rs  or  v i t a m in s ,  or
c) p r o t e c t i n g  a g a in s t  o t h e r  s o i l  a n t a g o n i s t s  and c o m p e t i t o r s  by 
d e to x i f y i n g  t h e i r  a n t i b i o t i c s ,  i n h i b i t i n g  t h e i r  growth or s im p ly  ac t ing  
as a phys ical  b a r r i e r  (Bowen and Theodorou, 1979).
H a r le y  (1948) has emphasized t h a t  m y c o r r h i z a l  s t u d i e s  shou ld  be 
done in con junc t ion  w i th  rhizosphere s tud ies .
1.6 Beneficial functions Q± mycor r Jlizas
P ro b a b ly  t h e  most im p o r t a n t  f u n c t i o n  o f  t h e  m y c o r r h i z a  is  i t s  
a b i l i t y  t o  increase n u t r i e n t  uptake from s o i l ,  and t h i s  is  discussed in 
more d e t a i l  in Chapter 2.
The m y c o r r h i z a l  a s s o c i a t i o n  in f c r e s t  t r e e s  i s  i m p l i c a t e d  in 
p r o t e c t i o n  a g a in s t  o t h e r  r h i z o s p h e r e  o rg a n is m s ,  p a r t i c u l a r l y  r o o t  
pathogens. Resistance o f  c e r t a in  mycorrhizas t o  i n f e c t io n  by a number 
of  im por tan t  r o o t  pathogens has been repor ted  (Levisohn, 1954, 1957a;
Marx and Bryan, 1969; Marx and Davey, 1969a, 1969b).
Zak (1964) pos tu la ted  var ious  mechanisms by which mycorrh izas are 
a b le  t o  p r o t e c t  d e l i c a t e  u n s u be r iz ed  f e e d e r - r o o t s  f rom  a t t a c k  by 
pathogens. These are t h a t  mycorrhizas a) use up surp lus  carbohydrates,  
b) a c t  as a p h y s i c a l  b a r r i e r ,  c) s e c r e t e  a n t i b i o t i c s  and d) s u p p o r t  
p r o t e c t i v e  rh izosphere  species.
Many m y c o r r h i z a l  f u n g i  e x h i b i t  a n t i b i o t i c  a c t i v i t y  in c u l t u r e  
(Marx, 1972). Marx (1972) has suggested t h a t  m e ta bo l i tes  produced by 
th e  m y c o r r h i z a l  a s s o c i a t i o n  may i n h i b i t  g ro w th  o f  r o o t  pa thogens.  
Mycorrh iza l  fung i  may a l t e r  the te rpeno id  metabol ism in the p la n t  r o o t  
t o  produce v o l a t i l e s  which are g e n e ra l l y  f u n g i s t a t i c ,  thus i n h i b i t i n g  
pa thogens in  t h e  r h i z o s p h e r e  as wel I as r e s t r i c t i n g  t h e  m y c o r r h i z a l  
fungus in the p la n t  t i s s u e  (Marx and Krupa, 1978). Physical  d i s r u p t i o n  
of  the  mycorrh iza l  sheath by nematode a t tack  w i l l  reduce the p r o te c t i o n  
aga ins t  pathogenic invasion (Bareham £± 1974).
M y c o r r h i z a l  p l a n t s  a re  known t o  be more t o l e r a n t  t o  f r o s t  and 
d r o u g h t  c o n d i t i o n s  (Cromer,  1935; M u t t i a h ,  1972). Mycorrh iza l  roo ts  
can renew g ro w th  q u i c k e r  than  u n i n f e c t e d  r o o t s  a f t e r  a d ry  s p e l l  
(Cromer,  1935). Some m y c o r r h i z a l  f u n g i  a re  ab le  t o  grow a t  w a te r  
p o t e n t i a l s  be low t h e  w i l t i n g  p o i n t  o f  p l a n t s  (Bowen and Theodorou ,  
1973; Theodorou, 1978). Water conserva t ion  by the sheath s t r u c t u r e  and 
t h e  a b i l i t y  o f  a m y c o r r h i z a  t o  a b s o r b  w a t e r  a g a i n s t  s t r o n g  
e lec t rochemica l  p o te n t i a l s  could c o n t r i b u te  t o  drought res is tance .  Low
water  p o t e n t i a l s  do not appear t o  a f f e c t  phosphorus uptake by excised 
mycorrh izas (Reid and Bowen, 1979). The d r o u g h t - t o I e r a n t  Cenococcum 
oeoph i I  urn (1.3) has a t h i c k  g e l a t i n o u s  wal I s t r u c t u r e  wh ich  may be 
im por tan t  in conserving water dur ing per iods  of  des icca t ion  (P ig g o t t ,  
1982).
T o le r a n c e  o f  m y c o r r h i z a l  p l a n t s  t o o t h e r  environmental extremes 
such as high and low temperatures has a lso  been demonstrated (Har ley,  
1940; Marx s±  1970; Marx and Bryan, 1971). Some mycorrh iza l  fungi  
appear t o  be adapted t o  the adverse pH, temperature ,  mo is tu re  and t o x i c  
extremes of  mine-waste s i t e s .  This type of  s i t e  is c h a r a c t e r i s t i c a l l y  
low in e s s e n t i a l  n u t r i e n t s  and o r g a n i c  m a t t e r ,  and h ig h  in m i n e r a l s  
such as aluminium, manganese and su lphur ;  these fac to rs  can l i m i t  p l a n t  
g ro w th  (Marx ,  1975a). Schramm (1966) found t h a t  t h e  m y c o r r h i z a l  
a s s o c i a t i o n  was e s s e n t i a l  f o r  t h e  s u r v i v a l  o f  Be tu I  a . P i nus . Ouercus 
and PopuI us t r e e  species on a n th r a c i t e  wastes. P i s o l i t h u s  t i n c t o r  ?us 
has proved t o  be one o f  t h e  most t o l e r a n t  m y c o r r h i z a l  f u n g i  on th e s e  
s i  t e s  ( Marx a l . ,  1970).
Benson s i  (1980) have found sporocarps of  mycorrh iza l  fung i  on 
mine-waste w i th  t o x i c  leve ls  of  arsen ic .  Bowen (1973) suggests a r o l e  
f o r  m y c o r r h i z a l  f u n g i  in c o l o n i z i n g  t o x i c  s i t e s  s in c e  m y c o r r h i z a s  
e x h i b i t  a high s e l e c t i v i t y  in ion uptake, and have a s torage capa c i t y  
f o r  c e r t a in  ions. Phosphate, a known i n h i b i t o r  of  a rsen ic  uptake, may 
o f f e r  p r o te c t i o n  t o  the  host f rom t o x i c  elements (Benson s±  s i . ,  1980).
Chap-ier. Z  N u t r i t i o n  of. ±he ectomycorrh i za
In t h e  m u t u a l i s t i c  s y m b io s i s  between th e  p l a n t  and m y c o r r h i z a l  
fungus ,  t h e  p l a n t  suppl  ies  t h e  fungus w i t h  p h o to s y n th a te  (ca rbon  and 
energy s o u rc e ) ,  w h i l s t  t h e  fungus absorbs  e s s e n t i a l  m i n e r a l s  f rom  
n u t r i e n t - p o o r  s o i l  and makes them a v a i la b le  t o  the p lan t .
2.1 Carbohydrate metabol ism o f  mycorrhizas
D i r e c t  evidence f o r  the  t r a n s fe r  o f  carbohydrate from the p la n t  t o  
the fungus was obtained by Mel in and Ni lsson (1957) when they detec ted 
^ C - l a b e l l e d  p h o to s y n th a te  in t h e  funga l  sheath  o f  P ? nus s y I v e s t r  i s 
m y c o r r h i z a s .  P h o to s y n th a te  accum u la tes  in beech m y c o r r h i z a s  as 
glycogen, t reha lose  and mannitol  (Lewis and Harley,  1965). Trehalose 
and m a n n i to l  canno t  be u t i l i z e d  by th e  p l a n t ,  and t h e r e f o r e  t h e  
mycor rhiza acts as a carbohydrate s ink.
2.2 P la n t  n u t r i e n t  aval  1 afrIJ-l.ty, up take e M  fun c t i on
Most n u t r i e n ts  requ i red  f o r  p la n t  metabol ism are ob ta ined from the 
s o i l .  The th ree  major n u t r i e n t s  supp l ied by the s o i l  are phosphorus, 
n i t rogen  and potassium.
The most a v a i l a b l e  sou rce  o f  n u t r i e n t s  f rom  s o i l  i s  t h e  s o i l  
s o lu t i o n  (Epstein ,  1972). Phosphorus, n i t rogen  and potassium in s o i l
s o l u t i o n  reach th e  p l a n t  r o o t  s u r f a c e  m a in ly  by d i f f u s i o n  processes, 
al though o ther  ions may be supp l ied s u f f i c i e n t l y  by mass f lo w  t r a n s f e r  
(Nye and T inke r ,  1977). A concen t ra t ion  g rad ien t  is  se t  up as a r e s u l t  
o f  a b s o r p t i o n  o f  i o n s  a t  t h e  r o o t  s u r f a c e ,  and t h i s  l e a d s  t o  
rep I en i shrnent o f  these  ions  by d i f f u s i o n  f rom t h e  b u l k  o f  t h e
surrounding s o i l .  Continued uptake o f  ions by the p la n t  r o o t  depends
on t h e  movement o f  ions t h ro u g h  th e  s o i l  s o l u t i o n .  Rates o f  s o i l
s o lu te  movement are a f fec ted  by a number o f  fa c to rs  such as d i f f u s i v i t y  
o f  the ion, d ispers ion  of  the ion, e f f e c t s  o f  o ther  ions on d i f f u s i o n ,  
w a te r  c o n t e n t  o f  th e  s o i l ,  t o r t u o s i t y  o f  d i f f u s i o n  p a th s  and t h e  
i n te r a c t io n  o f  ions w i th  s o i l  sur faces (Bowen, 1973).
The l a b i l e  pool o f  ions  in t h e  s o i l  s o l u t i o n  i s  r e p l e n i s h e d  by 
v a r i o u s  p rocesses  i n c l u d i n g  t h e  s o l u b i I i z a t i o n  o f  so i  I m i n e r a l s  and 
m i n e r a l f z a t i o n  o f  o r g a n i c  m a t t e r  r e s u l t i n g  f rom  m a in l y  b i o l o g i c a l  
a c t i v i t y ,  t h e  d e s o r p t i o n  o f  s p a r i n g l y  s o l u b l e  s a l t s ,  and by i o n -  
exchange w i th  ions held on c la y  l a t t i c e s  and organ ic  s o l i d s  (Eps te in ,
1972).  T h is  is  m a in l y  c a t i o n i c  exchange o f  Ca2+, Mg2+, K+ , Na+ , A |3+
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and H+ ions held on neg a t i v e ly  charged sur faces.
F o r e s t  s o i l s  in  com pa r iso n  t o  a g r i c u I t u r a I  s o i I s  have a h igh  
o r g a n i c  c o n t e n t  as a r e s u l t  o f  v e ry  s low  m i n e r a l i z a t i o n  p rocesses  
(Meyer, 1973). So lub le  forms o f  phosphorus and n i t rogen  are presen t  in 
these s o i l s  no rm a l ly  a t  very low le ve ls ,  whereas potassium is  seldom 
l i m i t i n g  in  f o r e s t  s o i l s  ( P r i t c h e t t ,  1979). In n u t r i e n t  d e f i c i e n t  
s o i l s  r o o t  uptake is f a s te r  than rep len ishment  r a te ,  and t h i s  r e s u l t s  
in the development o f  a dep le t ion  zone around the roo t .
Root uptake of  phosphate in p a r t i c u l a r  is  l i m i t e d  because o f  the  
r e l a t i v e l y  low m o b i l i t y  o f  t h i s  ion in s o i l  (Nye, 1966; L e w is  and 
Q u j r k ,  1967). Only  1$ o f  t h e  t o t a l  s o i l  phosphate  e x i s t s  in  l i v i n g  
components  (Hayman, 1975). I n o r g a n i c  phosphate  i s  a t t a c h e d  t o  
r e l a t i v e l y  i n s o l u b l e  i r o n  and a l u m in iu m  s a l t s  in a c i d  s o i l s  and t o  
ca lc ium s a l t s  in a l k a l i n e  s o i l s .  Organic phosphates c o n s t i t u t e  30-70$ 
o f  t o t a l  so i  I phosphorus (Bu rns ,  1978).  These a re  c h i e f l y  i n s o l u b l e  
o r g a n i c  complexes such as i r o n  and a lu m in iu m  p h y t a t e s  ( i n o s i t o l  
p h o s p h a t e s ) ,  w i t h  s m a l l e r  a m o u n ts  p r e s e n t  as n u c l e o t i d e s  and 
phosphol ip ids  (Cosgrove, 1967; Halstead and McKercher, 1975). Organic 
phosphates are la rg e ly  unava i lab le  t o  the  p la n t ,  they must p r i m a r i l y  
undergo s low d e c o m p o s i t io n  by s o i l  m i c r o f l o r a .  Smal l  amounts  o f  
o r g a n i c  phosphate  do e x i s t  in  s o i l  s o l u t i o n  and can be u t i l i z e d  by 
p l a n t s ,  bu t  t h i s  i s  no t  an im p o r t a n t  phosphate  sou rce .  T e s t s  u s in g  
P-phospha te  have shown how s m a l l  t h e  s o l u b l e  and e x cha ngea b le  
f r a c t i o n  is  in s o i l  (Russe l l ,  1973). Th is  f r a c t i o n  represen ts  p Ia n t ^
the  r e la t i o n s h ip  between the amount o f  an ion adsorbed from s o l u t i o n  
and the  concen t ra t ion  remaining in s o lu t i o n .
T i s d a l e  and Nelson (1975) have r e v ie w e d  th e  up take  and r o l e s  o f  
in d iv id u a l  p la n t  n u t r i e n t s ,  and some o f  these are descr ibed here.
Phosphorus i s  r e q u i r e d  a t  much lo w e r  l e v e l s  than  n i t r o g e n  o r  
p o ta s s iu m .  I t  i s  absorbed m a in l y  as t h e  p r im a r y  o r t h o p h o s p h a t e  ion
(H2 PO4 ” ) ,  b u t  a l s o  as t h e  s e c o n d a r y  o r t h o p h o s p h a t e  ( H P O ^ * " ) .  
Phosphorus is a c o n s t i t u e n t  of  n uc le ic  ac id ,  phy t in  and phospho l ip ids .  
I t  i s  a s t r u c t u r a l  component  bu t  a l s o  has f u n c t i o n a l  r o l e s  in  
g l y c o l y s i s ,  carbohydrate syn thes is ,  the  Ca lv in  cyc le  of  pho tosyn thes is  
and th e  b u f f e r i n g  sys tem.  The adenos ine  phosphates  have g r e a t  
importance in energy re la t i o n s .
N i t r o g e n  is  absorbed f rom  t h e  s o i l  by t h e  p l a n t  g e n e r a l l y  as
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n i t r a t e ,  but  a lso  as the  ammonium ion or  urea. N i t rogen combines w i th  
ca rbon  s k e l e t o n s  t o  fo rm  e s s e n t i a l  amino a c i d s  and p r o t e f n s .  T h i s  
element is  a component o f  c h l o r o p h y l l ,  and i t s  d e f i c ie n c y  o f te n  r e s u l t s  
in c h io ro s  i s .
Potassium is absorbed as the  K+ ion. Un l ike  n i t r o g e n ,  su lphur  and 
phosphorus i t  does no t  fo rm  an i n t e g r a l  p a r t  o f  p l a n t  t i s s u e ,  i t s  
f u n c t i o n  is  c a t a l y t i c .  I t  i s  e s s e n t i a l  f o r  carbohydra te  metabol ism, 
n i t rogen  metabol ism and p ro te in  syn thes is .  Th is  ion a lso  has a r o l e  in 
stomata I movements and water r e la t i o n s .
2.3 Early studies OR ±h£ nu tritio n  M  th e  mycorrhizal association
Since f i e l d  s tud ies  show t h a t  a high percentage o f  t r e e s  in f o r e s t  
s o i l s  are m yco r rh iza l ,  Frank (1885) concluded t h a t  t h i s  phenomenon is  
b e n e f i c i a l .  S tah l  (1900),  in agreement  w i t h  t h i s  id e a ,  f u r t h e r  
proposed t h a t  t h e  m y c o r r h i z a  i s  b e n e f i c i a l  because i t  enhances t h e  
uptake of  m inera ls  f rom the i n f e r t i l e  s o i l s  ge n e ra l l y  found in f o re s ts .
Con t ro l led  in o c u la t io n  s tud ies  were made by Hatch (1936, 1937) in 
which Pinus seedl ings were planted in a p r a i r i e  s o i l  w i th  and w i th o u t  
pure c u l t u r e s  o f  mycorrh iza l  inoculum. At the end o f  the growth per iod  
t h e  m y c o r r h i z a l  p l a n t s  had g r e a t e r  d ry  w e ig h t ;  and m in e r a l  a n a ly s e s  
showed t h a t  t h e y  had 86$ more n i t r o g e n ,  75$ more p o ta s s iu m  and 234$ 
more phosphorus  than  t h e  n o n -m y c o r r h i z a I  s e e d l i n g s .  C l e a r l y  t h e  
mycor rhiza l  s ta te  was b e n e f i c ia l  t o  the growth o f  these seed l ings ,  and 
fu r the rm ore  these r e s u l t s  supported the  hypothesis o f  Stahl  (1900).
S i m i I a r  r e s u I t s  were o b ta  i ned by Mi t c h e I  I .a l .  (1 937) i n seed 
bed e x p e r im e n ts .  They a l s o  found t h a t  even when t h e  s o i l  was 
f e r t i l i z e d ,  i f  one o r  more n u t r i e n t s  were l a c k i n g  t h e  m y c o r r h i z a l  
s e e d l i n g s  s t i l l  responded b e t t e r  than  th e  non-mycorrh iza l  seed l ings.  
The enhancement of  p la n t  growth and n u t r i e n t  uptake in the presence o f  
rnycorrhizas has since been corroborated by many o the r  authors .
2.4 ih£ physical basis o t nutrient uptake
One p ro b a b le  e x p l a n a t i o n  f o r  t h e  in c re a s e  in n u t r i e n t  up ta k e  by 
m y c o r r h i z a l  p l a n t s ,  f i r s t  suggested by Hatch (1937),  i s  t h e  I a r g e r  
absorbing sur face area inherent  t o  mycorrh iza l  roo ts  in comparison t o  
t h o s e  w i t h  no m y c o r r h i z a l  r o o t  f o r m a t i o n .  Stone (1950) found  t h a t  
phosphate  a b s o r p t i o n  was g r e a t e r  in P i nus rad i a t a  p l a n t s  w i t h  
rnycorrhizas possessing a la rge r  amount o f  assoc ia ted ex te rna l  mycel ium. 
In t h e o r y ,  t h i s  f e a t u r e  would be e s p e c i a l l y  u s e fu l  in n u t r i e n t - p o o r
s o i l s  wh ich have low d e s o r p t i o n  r a t e s  and few io n -exchange  s i t e s  
( V o i g t ,  1971).
In non -m yco r rh  iz a  I r o o t s  t h e  a b s o rp t i o n  o f  -^^p-phosphate occurs 
j u s t  beh ind  t h e  r o o t  apex, vyhereas in  m y c o r r h i z a l  s h o r t  r o o t s  
s i g n i f i c a n t  uptake has been shown t o  take place over most o f  the  ro o t  
le n g th  (Bowen, 1968).  To some e x t e n t  t h i s  e x p l a i n s  t h e  i n c r e a s e  in  
n u t r i e n t  uptake associated w i th  mycorrh iza l  p lants .
S k in n e r  and Bowen (1974a) suggested  t h a t  t h e  a b i l i t y  o f  t h e  
m y c o r r h i z a l  myce l ium  t o  e x p l o r e  t h e  so i  I was a n o th e r  reason f o r  an 
in c re a s e  in n u t r i e n t  up take .  In t h e i r  e x p e r im e n ts  t h e y  found t h a t  
m y c e l i a l  c o rd s  a c t i v e l y  absorbed ^ p - p ^ o s p h a t e  a t  t h e i r  d i s t a l  and 
c e n t r a l  p o r t i o n s ,  and they  s p e c u la te d  t h a t  t h i s  phosphorus  was 
t ran s loca ted  t o  the p la n t  by p ro top lasm ic  st reaming. These cords are 
s u i ted  t o  long d is tance t r a n s lo c a t i o n ,  a lso  some are branched r e s u l t i n g  
in g rea te r  s o i l  e x p lo ra t io n  (Skinner and Bowen, 1974a).
Rh izomorphs have been shown t o  absorb  and t r a n s p o r t  w a te r  and 
m in e r a l s  o v e r  l a rg e  d i s t a n c e s ,  bu t  u n l i k e  m y c e l i a l  c o r d s  t h e y  a re  
probably unable t o  absorb n u t r i e n t s  a c t i v e l y  along t h e i r  t o t a l  length 
( M o r r i s o n  and Bowen, 1970 (see Bowen, 1973);  Read and S t r i b i e y ,  1975; 
Duddr i dge ja±., 1980).
B jo rkman  (1949) p o in t e d  o u t  t h a t  t h e  energy r e q u i r e d  f o r  f u n g a l  
growth in s o i l  is  cons iderab ly  less than t h a t  requ i red  f o r  p l a n t  r o o t  
f o r m a t i o n ,  and t h e r e f o r e  t h e  p r o d u c t i o n  o f  fu n g a l  hyphae is  a more 
e f f i c i e n t  way o f  e x t r a c t i n g  s o i l  n u t r i e n t s .  H a r l e y  (1978) ,  how ever ,  
q u e s t i o n s  t h e  u n i v e r s a l i t y  o f  t h e  s o i l  e x p l o r a t i o n  t h e o r y  because 
ec tomycorrh izas sometimes lack ex te rna l  hyphae and myce l ia l  cords.
A poss ib le  f e a tu re  o f  importance in rnycorrhizas is t h e i r  suggested 
longev i ty  in comparison t o  non-mycor rh izaI  roo ts  (Wi lcox,  1971). Th is  
f e a tu re  would r e s u l t  in susta ined absorbing power in one p o s i t i o n ,  ands
mycorrh iza l  roo ts  could th e re fo re ,  in theo ry ,  feed from an e f f e c t i v e l y  
l a r g e r  vo lume o f  s o i l  (Bowen, 1973) by i n c r e a s in g  t h e  r a d i i  o f  
d i f f u s i o n  (Olsen q±  sd.,, 1962). The mycorrh iza l  r o o t  is no t  l i k e l y  t o  
o v e r r i d e  t h e  d e p l e t i o n  zone n o r m a l l y  found around a p l a n t  r o o t  (Nye, 
1966), but  the  increase in longev i ty  would be an advantage where th e re  
a re  s low  m in e r a l  d e s o r p t i o n  r a t e s  in  t h e  s o i l .  I n f o r m a t i o n  on t h e  
a c t i v e  l i f e  span o f  mycorrh iza l  roo ts  in comparison t o  non-mycorrh izaI  
r o o t s  in  t h e  f o r e s t  ecosystem is  however  l i m i t e d  due t o  p r a c t i c a l  
d i f f i c u l t i e s  in measuring the longev i ty  of  these roo ts  (Fogel ,  1983).
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2.5 Phosphorus
2.5.1 Phosphorus; uptake ra tes  .and k i n e t i c s
The im p o r ta n c e  o f  p h o s p h a te  in  t h e  s t i m u l a t o r y  e f f e c t  o f  
r n y c o r rh i z a s  on p l a n t  g ro w th  is  w e l l  documented. However,  t h e  
mechanisms by which t h i s  e f f e c t  is  produced are not f u l l y  understood.
The uptake of  r a d io - l a b e l l e d  phosphate was f i r s t  demonstrated by 
Mel in and N i l s s o n  (1950, 1953a).  The phosphate  was a p p l i e d  t o  t h e  
ex te rna l  hyphae of  the  mycorrh iza and was l a t e r  detected in the  p la n t  
shoo t .  The shea th  s u r f a c e  w i l l  a l s o  abso rb  phosphate  (Kramer  and 
W ilbur ,  1949). The mycorrh iza l  r o o t  appears t o  be more e f f i c i e n t  than 
th e  n o n -m y c o r r h i z a I  r o o t  a t  a b s o rb in g  phosphate  f rom  an e x t e r n a l  
s o lu t i o n  (McComb and G r i f f i t h ,  1946; Kramer and W i lbu r ,  1949). Har ley 
and McReady (1950) showed t h a t  excised beech rnycorrhizas increased 32p_ 
phosphate uptake by 2.3-8.9 t im es  t h a t  o f  un in fec ted  roo ts .  Bowen and 
Theodorou (1967) s ta ted  t h a t  excised p ine rnycorrhizas took up 2-9 t im es  
more phosphate  than  n o n - m y c o r r h i z a I  r o o t s ,  and t h a t  t h i s  i n c r e a s e  
va r ied  w i th  sheath development.
Phosphate up take  and t r a n s f e r  by rn y c o r rh i z a s  i s  m e t a b o l i c a l  ly  
mediated, being temperature s e n s i t i v e  and i n h ib i t e d  by r e s p i r a t o r y  and 
enzyme po isons  ( H a r le y ,  1969).  I t  a l s o  has a h igh  r e q u i r e m e n t  f o r  
oxygen,  wh ich  may be a reason f o r  t h e  n a t u r a l  o c c u r r e n c e  o f  most  
rnycorrhizas in the  sur face layers  o f  s o i l  (1.3). The r e s p i r a t o r y  r a te  
increase associated w i th  rnycorrhizas is  a r e s u l t  and not the  cause o f  
in c re a s e  phosphate  up take  as was once t h o u g h t  (Chi  I v e r s  and H a r l e y ,  
1980). I n c o r p o r a t i o n  o f  phosphate  i n t o  t h e  shea th  o f  e x c i s e d  beech 
rnycorrhizas can be increased by adding ammonium ions (Jennings, 1964), 
g lu c o s e  and t o  some e x t e n t  p o ta s s iu m  ( H a r le y ,  1981),  and t h i s  may be 
re la te d  t o  the  s t im u la t i o n  o f  s p e c i f i c  enzyme synthes is .
Russel l s±  .§1. (1958) s ta ted  t h a t  the absorp t ion  o f  phosphorus by 
p lan ts  must depend on the  a b i l i t y  o f  r o o t  sur faces  t o  reduce the  f r e e  
energy o f  en te r ing  ions t o  a g rea te r  ex te n t  than complexes in the  s o i l .  
M y c o r r h i z a s  appear  t o  w i th d ra w  l a b i l e  phosphorus f rom  t h e  e x t e r n a l  
medium more r a p id l y  than un in fec ted  roo ts  o f  the  host  p l a n t  when the  
le v e l  o f  phosphorus  in  t h e  medium is  reduced ( M o r r i s o n ,  1957).  As 
so lu tes  are taken up by the sheath,  th e  s o i l  s o l u t i o n  c o n c e n t ra t io n  a t  
t h e  a b s o rb in g  s u r f a c e  is  lo w ered ;  though  t h i s  depends on t h e  i n i t i a l  
concen t ra t ion ,  a v i d i t y  of  the fungus f o r  s o lu te s ,  in te rhypha l  d is tan ce ,
shea+h th ickness  and r a te  of  s o lu te  movement (Bowen, 1973).
The up take  o f  phosphate i s  t h o u g h t  t o  be t h r o u g h  t w o  a c t i v e  
c a r r i e r - m e d i a t e d  sys tem s ,  one r e s p o n s i b l e  f o r  t a k i n g  up t h e  p r i m a r y  
o r t h o p h o s p h a t e  io n  (H2 PO4 ) ar |d I h e  o t h e r  f o r  t h e  s e c o n d a r y  
o r th o p h o s p h a te  (HP042“ ) (Bowen, 1962; Bowen and Theodorou ,  1967).  
Evidence from k i n e t i c  s tud ies  has ind ica ted  t h a t  the  h igher  phosphate 
up take  e f f i c i e n c y  o f  r n y c o r rh i z a s  I s  p o s s i b l y  due t o  a) a h i g h e r  
a f f i n i t y  o f  these c a r r i e r s  f o r  phosphate in the  ex te rna l  s o l u t i o n ,  b) 
an increase in the  r a te  in which phosphate is  re leased from the  c a r r i e r  
w i t h i n  t h e  ce l  I ,  and c) th e  p resence o f  a g r e a t e r  number o f  c a r r i e r s  
than in non-mycorrh izaI  roo ts  (Bowen, 1962; Bowen and Theodorou, 1967). 
Some e v idenc e  f o r  thes e  d i f f e r e n c e s  has a l s o  been d e m o n s t ra te d  in  
endomycorrhizal and non-mycor rh izal  tomato p lan ts  (Cress £± .aJL, 1979).
I t  has been suggested t h a t  the p r im ary  e f f e c t  o f  the  mycorrh iza is  
t o  i n c re a s e  phosphate  a b s o r p t i o n ,  and t h a t  t h i s  in  t u r n  leads  t o  an 
increase metabo l ic  r a te  r e s u l t i n g  in a g rea te r  uptake o f  o the r  elements 
(McComb and G r i f f i t h ,  1946; Stone, 1950).
2 .5 .2  Phosphorus: accumulat ion and t r a n s lo c a t i o n
The m y c o r r h i z a l  r o o t  has t h e  f a c i l i t y  t o  accumulate phosphorus, 
and t h i s  was f i r s t  shown by Kramer  and W i l b u r  (1949).  T h e i r  ^2p_ 
l a b e l l e d  phosphate  s t u d i e s  dem o n s t ra te d  t h a t  m y c o r r h i z a l  r o o t s  can 
accumulate phosphorus t o  a g rea te r  ex te n t  than non-mycorrh iza l  roo ts .  
The fu n g a l  hyphae can s t o r e  c o n s i d e r a b l e  q u a n t i t i e s  o f  p h o s pha te ,  
probably in the c e l l  vacuole,  which then moves t o  the p l a n t  in t im es  o f  
d e f i c i e n c y  (Bowen, 1973). The s to ra g e  o f  phosphorus in  t h e  v a c u o le  
m a i n t a i n s  a low i n o r g a n i c  c o n c e n t r a t i o n  in  t h e  c y t o p la s m ,  t h e r e b y  
a l l o w i n g  s u s ta in e d  h igh  up take  r a t e s  w i t h o u t  feedback  i n h i b i t i o n  
(Bowen, 1970). T r a n s p o r t  o f  phosphate  and o t h e r  m e t a b o l i t e s  t h r o u g h  
t h e  shea th  i s  an a c t i v e  m e t a b o l i c  p rocess  and r e q u i r e s  e n e rg y ,  
presumably der ived from s imple  carbohydrate exchange.
Morr ison (1957, 1962a) has demonstrated t h a t  non-mycorrh iza l  r o o ts  
e x h i b i t  a r a p i d  r a t e  o f  phosphorus  t r a n s f e r  t o  t h e  s h o o t  w i t h i n  t h e  
f  i r s t  few days o f  exposure  t o  a ^ 2p -  I a be I I ed s o u rc e ,  b u t  t h  i s  r a t e  i s 
l a t e r  reduced. Whereas m yco r rh iza l  r o o t s  t r a n s f e r  phosphorus  t o  t h e  
s h o o ts  a t  a s teady  r a t e ,  t h i s  r a t e  be ing  s lo w e r  than  f o r  non-  
mycorrh iza l  roo ts  in the  i n i t i a l  stages, but higher t h e r e a f t e r .  When 
t h e  p l a n t s  w i t h  j abe I I ed s t o r a g e  phosphate  were removed t o
phosphate- free medium, the amount o f  ^ p - p ^ o s p ^ a t e  t r a n s lo c a te d  t o  the
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s h o o ts  was much g r e a t e r  in m y c o r r h i z a l  than  n o n - m y c o r r h i z a I  p l a n t s .  
The t r a n s f e r  r a te  in mycorrh iza l  p lan ts  is thus less dependent on r o o t  
uptake than in non-mycor rh izal  p lan ts  due t o  t h i s  storage f a c i l i t y .
In excised beech rnycorrhizas up t o  90$ o f  the absorbed phosphate 
re m a in s  in  t h e  shea th  ( H a r le y  and McReady, 1952).  H a r le y  (1969) has 
proposed t h a t  when rnycorrhizas a c t i v e l y  absorb phosphate f rom s o lu t i o n  
th e re  is no movement f rom the phosphate s to re ,  the host  r e c e iv in g  the  
r e c e n t l y  absorbed ions by passive d i f f u s io n .
The storage form o f  phosphate in the  sheath has been i d e n t i f i e d  as 
p o l y p h o s p h a te  g r a n u le s  (A s h fo rd  a± . ,  1975).  The p r o p o r t i o n  o f  
absorbed phosphate converted t o  the polyphosphate form increases w i th  
the ex terna l  concen t ra t ion  (Chi I vers and Harley ,  1980).
The capac i ty  o f  mycorrh iza l  roo ts  t o  take up and s to re  phosphate 
may be i m p o r t a n t  t o  p l a n t  g r o w t h ,  p a r t i c u l a r l y  in  r e g i o n s  where 
n u t r i e n t  f l u x e s  such as autumn le a f  f a l l  o c c u r  ( H a r l e y ,  1969).  The 
fungal  sheath o f  ec tom ycor rh izas  has t h e  advantages  o f  r a p i d  u p ta k e ,  
storage and regu la ted  f low  o f  phosphorus t o  the  host (Smith,  1980).
2.5.3 Bhpsphorus; 5-p.J.ubi  i i z.at i on o±  .1 .ess, ava? I able sources
I t  has a lready been s ta ted  t h a t  ec tomycorrh iza l  species e x i s t  in 
n u t r i e n t - p o o r  s o i l s  (1 .3 ) .  These s o i l s ,  a l th o u g h  low in  s o l u b l e  
phospha te ,  have s u b s t a n t i a l  q u a n t i t i e s  o f  i n s o l u b l e  i n o r g a n i c  and 
organ i c phospha tes ,  b u t  t h e s e  a re  n o t  read i I y  ava i I a b I e  t o  t h e  p I a n t  
r o o t .
The inso lub le  phosphate sources in s o i l  are known t o  be a v a i l a b l e  
t o  c e r t a i n  s o i l  b a c t e r i a  and f u n g i  by v i r t u e  o f  s p e c i f i c  enzyme 
p r o d u c t i o n ,  and t h e r e f o r e  m i n e r a l i z a t i o n  o f  o r g a n i c  pho spha tes  by 
ec tomycorrh izas has been suggested by many authors (see V o ig t ,  1971). 
Mycel i a l  c o rd s  ex tend  i n t o  t h e  s o i I , and t h e i  r  ab i I i t y  t o  d i s s o l v e  
r e l a t i v e l y  una va i lab le  sources and t r a n s lo c a te  the absorbed ions t o  the  
p la n t  would increase the  b e n e f i t s  o f  a mycorrh iza cons ide rab ly .
S ince  p h y t i n  and i n o s i t o l  phosphate  ( p h y t a te )  c o n s t i t u t e  a h ig h  
pe rc e n ta g e  o f  i n s o l u b l e  phosphate  in  t h e  o r g a n i c  h o r i z o n  o f  f o r e s t  
s o i l s ,  the assessment o f  phosphatase a c t i v i t y  in mycorrh iza l  fung i  is  
p o t e n t i a l l y  use fu l .
Theodorou (1968) showed t h a t  t h e  m y c o r r h i z a l  f u n g i  Rh izopogon 
l u te.Q.lus, Sui 11 us gr.an u le t .u5 , Siii.l lug J-uteus and Cenpppccuin gppphiJum
can ob ta in  phosphate f rom ca lc ium and sodium phytates in c u l t u r e  by 
means o f  phytase a c t i v i t y .  B a r t l e t t  and Lewis (1973) measured the  r a te  
o f  h y d r o l y s i s  o f  sod ium i n o s i t o l  hexaphosphate t o  o r th o p h o s p h a t e  by 
excised beech rnycorrhizas,  and found i t  t o  be g rea te r  than the  r a te  o f  
uptake. I t  is  not  acceptab le,  however, t o  e x t ra p o la te  the  u t i l i z a t i o n  
o f  t h e  more s o l u b l e  sod ium s a l t  t o  t h a t  o f  t h e  r e l a t i v e l y  i n s o l u b l e  
t r i v a l e n t  i ron  and aluminium s a l t s  present in acid s o i l s  ( B a r t l e t t  and 
L e w is ,  1973). The o n l y  e c t o m y c o r r h i z a I  fungus  r e p o r t e d  as a b le  t o  
u t i l i z e  i ron  phyta te ,  a p o te n t ia l  phosphate source in f o r e s t  s o i l ,  is  
Su i11 us Iuteus (Theodorou, 1968; M i t c h e l l  and Read, 1981).
W i l l i a m s o n  and A le x a n d e r  (1975) found t h a t  t h e  a c i d  phospha tase  
a c t i v i t y  o f  e x c i s e d  rn y c o r rh i z a s  was 2-8  t im e s  g r e a t e r  th a n  non-  
m y c o r r h i z a l  r o o t s .  From h i s t o c h e m ic a I  s t u d i e s  t h e y  d i s c o v e r e d  t h a t  
most o f  the enzyme a c t i v i t y  was present  a t  the  s o i l - s h e a th  i n te r f a c e ,  
w i t h  l o w e r  l e v e l s  w i t h i n  t h e  s h e a t h .  C a l l e j a  a l .  ( 1 9 8 0 )  
demonstrated t h a t  ac id  phosphatase a c t i v i t y  was main ly  lo c a l i z e d  in the  
fungal  c e l l s  in c lose  con tac t  w i th  the  ex terna l  medium, and some enzyme 
a c t i v i t y  was located in the ex terna l  medium. Others have found no ac id  
phosphatase a c t i v i t y  in the  ex terna l  medium when excised mycor rh iza l  
roo ts  were s tud ied  ( B a r t l e t t  and Lewis,  1973; W i l l iamson and Alexander ,  
1975).  I t  i s  s t i l l  no t  c e r t a i n ,  t h e r e f o r e ,  i f  phospha tases  in 
mycor rhizal  roo ts  are membrane-bound on ly ,  thus  r e l y i n g  on the  movement 
o f  the  s o i l  s o lu t i o n  t o  b r ing  the  subs trate-complexes  i n t o  c o n ta c t  w i th  
t h e  shea th  s u r f a c e  enzymes ( H a r le y ,  1978),  o r  w h e th e r  t h e y  a re  a l s o  
e x c r e te d  i n t o  t h e  s o i I  s o l u t i o n .  Fungal  hyphae a re  c o n s id e r e d  more 
a b le  t o  grow to w a r d s  s o i l  s u r f a c e s  than  r o o t s  (Sanders  and T i n k e r ,
1973), and t h e r e fo re  perhaps more able t o  reach and u t i l i z e  p o t e n t ia l  
subs t ra tes  w i th o u t  the  need f o r  e xc re t ing  the enzymes.
Beever and Burns (1980) have suggested t h e  p o s s i b i l i t y  t h a t  
i n s o l u b l e  complexes  can be absorbed by t h e  m y c o r r h i z a l  hyphae t o  be 
hydrolyzed by i n t r a c e l l u l a r  enzymes, but the re  is no evidence f o r  t h i s .
Exper imental  evidence has ind ica ted  t h a t  phosphatase a c t i v i t y  in 
rnycorrhizas is  in ve rse ly  p ropo r t iona l  t o  the  a v a i l a b i l i t y  o f  phosphate 
(C a l le ja  n l . ,  1980; Alexander and Hardy, 1981).
Johnson (1959a, 1959b) proposed t h a t  funga l  o r g a n i c  a c i d s  m ig h t  
re lease phosphates f rom iron and aluminium complexes by c h e la t io n .  The 
a l t e r n a t i v e  non-phosphory la t ing  r e s p i r a to r y  pathway discovered in Fagus 
rny c o r rh iz as  ( H a r le y ,  1969) may be i n i t i a t e d  when e x t e r n a l  phospha te
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le ve ls  are low through a negat ive feedback mechanism. Th is  pathway may 
have a r o le  in s o l u b i l i z i n g  phosphate complexes by r e le a s in g  secondary 
m e tabo l i tes  as o rgan ic  ac ids (Har ley,  1978).
There is evidence t h a t  fungal  accumulat ions o f  ca lc ium oxa la te  can 
weather s o i l  (Cromack s i  i l l .# (1979). I t  is  t h e re fo re  speculated t h a t  
o x a l i c  ac id  a c t i v i t y  in ec tomycorrh iza l  ro o t  exudates may enhance ac id  
phosphatase a c t i v i t y  by c h e l a t i n g  i r o n  and a lu m in iu m  p h y t a t e s ,  t h u s  
i n c r e a s in g  t h e i r  s o l u b i l i t y  s u f f i c i e n t l y  f o r  t h e  m y c o r r h i z a l  
phosphatase t o  be e f f e c t i v e  (A le x ande r  and Hardy,  1981).  Indeed 
ca lc ium oxa la te  c r y s t a l s  have r e c e n t l y  been located on ec tom yco r rh iza l  
roo ts  o f  Pinus ra d ia ta  and Eucalyptus (Malajczuk and Cromack, 1982).
As y e t  t h e r e  i s  I i  t t I e  ev i dence f o r  t h e  so lub  i I i z a t  i on o f  I ess 
ava i I ab I e sou rces  in so i  I by m ycorrh  izas .  M i t c h  el  I s ±  H i .  (1 937) and 
Stone (1950) a t t e m p te d  t o  a n a ly s e  t h e  m y c o r r h i z o s p h e re  s o i l  f o r  an 
increase in n u t r i e n t s  but found none, though i t  is  poss ib le  t h a t  these 
so lub le  s a l t s  are immedia te ly absorbed (Har ley,  1969).
S tu d ie s  on t h e  g ro w th  o f  m y c o r r h i z a l  p l a n t s  in  s o i l  wi th 
I a b e l i e d  I ab i I e  phosphate  have no t  been ab Ie  t o  show t h a t  n o n - Ia b  i I e  
sou rces  a re  u t i l i z e d  (Sanders and T i n k e r ,  1971; Mosse slL ,, 1973; 
Thomas a i ,  1982). I t  is  suspected t h a t  ^2p may no+ | abe I the  l a b i l e  
sou rces  a lo n e  ( S m i th ,  1980),  and t h i s  may p a r t l y  ac c o u n t  f o r  t h e  la c k  
o f  d i f f e r e n c e s  in  s p e c i f i c  a c t i v i t y  between m y c o r r h i z a l  and non-  
mycorrh iza I p lan ts .
There  i s  no d i r e c t  e v idence  f o r  t h e  u t i l i z a t i o n  o f  m in e r a l  
phosphates by rny c o r rh iz as  (Rosendah l ,  1943; S tone ,  1950).  The 
a v a i I a b i I i t y  o f  c e r t a i n  i n s o l u b l e  i n o r g a n i c  sou rces  t o  m y c o r r h i z a  I 
p lan ts  may be i n d i r e c t l y  re la te d  t o  a s y n e r g i s t i c  response between the  
mycorrh iza and p h o s p h a te -s o lu b i l i z in g  organisms in the  s o i l  (Katznelson 
£ ± £ l . ,  1962; Bowen and Theodorou, 1967; Azcon £ ± .a± . *  1976).
2.6 N i t r o g en
The le v e l  o f  a v a i l a b l e  n i t r o g e n ,  l i k e  t h a t  o f  phospho rus ,  is  
t y p  ic a  I ly  I ow in  f o r e s t  so i  I s (2 .2 ) .  Th i s f a c t  I ed ea r  I y w o rk e r s  in  
t h e  f i e l d  t o  sugges t  t h a t  r n y c o r rh i z a s  m ig h t  be c a p a b le  o f  n i t r o g e n  
f i x a t i o n ,  b u t  a f t e r  e x t e n s i v e  s t u d i e s  t h i s  has never  been p roved  
(Mel in ,  1959).  Recent s t u d i e s  have shown t h e  e n r i c h m e n t  o f  by 
var ious  mycorrh iza l  Pinus species,  but  o ther  organisms were p resen t  and 
p r o b a b ly  r e s p o n s ib l e  (Bowen, 1973).  I t  i s  p o s s i b l e  t h a t  m y c o r r h i z a s  
suppor t  a n i t r o g e n - f i x i n g  rh izosphere f l o r a  (Richards and Vo ig t ,  1964).
Mel In and N j l s s o n  (1952, 1.953b) f i r s t  p ro v id e d  e v id e n c e  f o r  t h e
uptake of  n i t rogen  by Pinus s y l v e s t r i s  rnycorrhizas f rom 15NH4N03 and 
15N-g lu tamic  ac id ,  and' i t s  t r a n s f e r  t o  the  host p lan t .  Carrodus (1966) 
found t h a t  excised beech rnycorrhizas can r e a d i l y  absorb ammonium ions, 
bu t  a lm o s t  no n i t r a t e .  He r e l a t e d  t h i s  t o  t h e  m a jo r  sou rce  o f  
a v a i l a b l e  n i t r o g e n  in  humus v/hich i s  t h e  ammonium r a d i c a l .  He 
dem ons t ra ted  t h a t  t h e  m ycor rh  iza s  can a l s o  u t i l i z e  am ino  a c i d s  as a 
n i t r o g e n  source .  The uptake o f  ammonium i s  assumed t o  be an a c t i v e  
metabo l ic  process, i t  is  associa ted w i th  an increase in r e s p i r a t i o n  and 
i s  enhanced by th e  a d d i t i o n  o f  c a r b o h y d r a te  suga rs  ( C a r ro d u s ,  1966).  
L ike phosphorus, the  accumulat ion s i t e  f o r  n i t rogen  is  in th e  sheath,  
where i t  is  s tored as g lu tamine (Carrodus, 1966; Lewis,  1976).
A few m y c o r r h i z a l  fu n g i  a re  a b le  t o  u t i I i z e  n i t r a t e - n i t r o g e n  in 
c u l t u r e  (Lundeburg, 1970), but  t h i s  has not been found f o r  mycorrh iza l  
fung i  in general (Har ley,  1969). Al though mycorrh iza l  r o o ts  o f  Douglas 
f i r  e x h i b i t  n i t r a t e  r e d u c ta s e  a c t i v i t y ,  t h i s  a c t i v i t y  i s  much lo w e r  
than  i s  found in  t h e  non -m yco r rh  iz a  I r o o t s  (Ho and T rappe ,  1980).  So 
i t  would appear  t h a t  m y c o r r h i z a l  r o o t s  a re  b e t t e r  adap ted  t o  u s in g  
ammonium-nit rogen than n i t r a t e - n i t r o g e n  sources.
2.7 Other nutrients
The m y c o r r h i z a  must be c a p a b le  o f  t a k i n g  up o t h e r  e s s e n t i a l  
n u t r i e n t s  requ i red  by the p la n t  f o r  hea l thy  growth,  because the  fungal  
shea th  can fo rm  a b a r r i e r  between t h e  e x t e r n a l  r o o t  ce l  Is  and t h e  
s o i l .  R o u t ien  and Dawson (1943) s t u d i e d  t h e  n u t r i e n t  exchange in  
Pinus ech ina ta . Calc ium, magnesium and e s p e c ia l l y  i ron and potassium 
were absorbed from c la y ,  w i th  low le ve ls  of  base s a tu r a t i o n ,  a t  h igher  
ra tes  in mycorrh iza l  p lan ts .  The authors suggested t h a t  the  increased 
carbon d i o x i d e  e v o l u t i o n  a s s o c ia t e d  w i t h  m y c o r r h i z a l  r o o t s  t e n d s  t o  
increase the supply o f  H+ ions. Th is  in t u rn  s h i f t s  the  e q u i l i b r i u m  of  
the s o i l  t o  re lease n u t r i e n t  ions by s o l u b i l i z i n g  in so lu b le  s a l t s  f o r  
base exchange of  ca t ion s ,  and poss ib ly  l i b e r a t i n g  phosphate as a r e s u l t  
of  the breakdown.
The r e le a s e  o f  po tass ium  f rom  i n s o l u b l e  s o i l  m in e r a l s  such as 
b i o t i t e ,  m u s c o v i te  and v e r m i c u l i t e  i s  p o s s i b l y  t h e  r e s u l t  o f  t h e  
s o l u b i l i z i n g  a c t i o n  o f  o r g a n i c  a c i d s  in m y c o r r h i z a l  r o o t  ex ud a te s  
(S I ank i s £±  j jJ.., 1 964).  Un I i ke phosphorus and n I t r o g e n ,  p o ta s s  i urn i s  
n o t  s to re d  in  t h e  m y c o r r h i z a l  shea th  (H a r le y  and W i l s o n ,  1959),  and 
be ing  a r e l a t i v e l y  m o b i l e  ion i s  l o s t  f rom  m y c o r r h i z a l  c e l l s  as
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tempera tu re  Is increased (Har ley,  1969).
Few o t h e r  ions  have been s t u d ie d  in  r e l a t i o n  t o  m y c o r r h i z a l  
u p take .  M y c o r r h i z a s  a re  a b le  t o  absorb  c a l c i u m  and t r a n s f e r  i t  t o  
p l a n t  shoo ts  ('Mel in  and N i l s s o n ,  1955).  P inus  r a d i a t a  m y c o r r h i z a s  
increase the  uptake o f  ^ Z n  over non-mycorrh iza l  roo ts ,  and t h i s  uptake 
by myce l ia l  cords o f  mycorrhizas is m e ta b o l i c a l l y  a c t i v e  (Bowen e t  a l . P
1974). Whereas m y c o r r h i z a s  do no t  appear  t o  change t h e  r a t e  o f  ^ ^ S -  
su lphate  uptake (Morr ison ,  1962b). U n fo r tuna te ly ,  l i t t l e  work has been 
done on the  uptake of  t race  elements by mycorrhizas (Bowen, 1973).
C e r t a i n  ions  appear t o  compete  f o r  s p e c i f i c  a b s o r p t i o n  s i t e s  in  
m y c o r r h i z a s  ( H a r le y ,  1969). A l th o u g h  t h e  up take  o f  p o ta s s iu m  and 
rub id ium from s in g le - i o n  s o lu t i o n s  is  rough ly  doubled in exc ised beech 
m y c o r r h i z a s  (H a r le y  and W i l s o n ,  1959),  in mixed s o l u t i o n s  p o ta s s iu m  
s upp resses  t h e  up take  o f  bo th  sodium and r u b id iu m  by m y c o r r h i z a s  
(Edmonds e± a_i., 1976). L i k e  p l a n t s ,  m y c o r r h i z a s  a re  presumed t o  
absorb  c e r t a i n  ions s e l e c t i v e l y  f rom  th e  s o i l  (H a tc h ,  1937; Bowen, 
1973).
Greater uptake of  a l l  n u t r i e n t s  by mycorrhizas may be the  r e s u l t  
o f  the  re lease of  one ion d e f i c ie n c y ,  leading t o  a g re a te r  increase in 
p la n t  growth and subsequent g rea te r  uptake ra te s  (Bowen, 1973).
2.8 Variat i ons la  plant flcowth stimulation i*y mycorrh iza l  fung i
V a r ia t io n s  in p la n t  growth have been recorded in th e  presence o f  
d i f f e r e n t  mycorrh iza l  fung i .  Young (1940) found t h a t  several  Bo le tus  
species and a Russula species d i f f e r e d  in t h e i r  a b i l i t y  t o  increase the  
d ry  w e ig h t  and h e i g h t  o f  P i nus seed I i n g s .  L ev isohn  (1957b)  n o t i c e d  
t h a t  Amanita muscar ia induced unequal growth e f f e c t s  on Picea ab ies in 
d i f f e r e n t  areas. On f u r t h e r  t e s t i n g  she found t h a t  Bo le tus  scaber was 
a successful mycorrh iza l  fungus in assoc ia t ion  w i th  b i r c h  and spruce, 
whereas Aman i t a  muscar ia was not.
The d i f fe re n c e s  in o v e ra l l  growth e f f e c t s  have been a t t r i b u t e d  t o  
the enhancement o f  mineral  uptake in va ry ing  degrees, p a r t i c u l a r l y  of  
phosphorus.  Theodorou and Bowen (1970) found t h a t  i n o c u l a t i o n  w i t h  
Rh izopogon 1u t e o lu s  and Su i I  I us g r a n u I a t u s  in c re a s e d  d ry  w e i g h t  and 
phosphate uptake in seed I ings more than w i th  Cenococcum geoph i I urn o r  no 
in ocu la t ion .  Furthermore, Rhizopogon Iu teo lus  was more e f f e c t i v e  than 
Su i I  I us g r a n u 1a tu s  in t h i s  r e s p e c t ;  Lamb and R ic h a rd s  (1971) showed
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t h a t  dry we igh t  and uptake o f  phosphorus, potassium and n i t ro g e n  va r ied  
in r a d ia ta  and slash pines w i th  d i f f e r e n t  fungal  symbionts.  Ekwebelam 
(1979) a l s o  found d i f f e r e n c e s  between m y c o r r h i z a l  f u n g i  in t h e i r  
e f f e c t s  on growth s t im u la t i o n  and uptake of  phosphorus and potassium In 
Pinus car ibaea seed l ings ,  but not in n i t rogen  uptake.
Lev isohn  (1959) found t h a t  d i f f e r e n t  i s o l a t e s  o f  B o le t u s  s c abe r  
d i f f e r e d  in t h e i r  behaviour on var ious  types o f  c u l t u r e  media, a l though 
i t  Is unw ise  t o  e x t r a p o l a t e  th e s e  r e s u l t s  t o  t h e  f i e l d  s i t u a t i o n  
w i th o u t  f u r t h e r  t e s ts .  However, d i f f e re n c e s  in growth s t im u la t i o n  o f  
seed l ings have been repor ted in the presence o f  d i f f e r e n t  i s o la te s  o f  
Rhizopogon Iu teo lus  (Theodorou and Bowen, 1970).
The ex te n t  o f  the e f f e c t i v e  absorbing area of  the  mycorrh iza  has 
a l r e a d y  been men t ioned  as a l i k e l y  f a c t o r  c o n t r i b u t i n g  t o  improved 
n u t r i e n t  up take  (2 .4 ) ,  and may acc o u n t  f o r  d i f f e r e n c e s  between some 
mycorrh iza l  types (Skinner and Bowen, 1974a).
Several authors have suggested t h a t  d i f fe re n c e s  in the  e f f e c t s  o f  
m y c o r r h i z a l  fu n g i  a re  r e l a t e d  t o  i n t r i n s i c  a f f i n i t y  f o r  phosphate in 
the s o i l  and e f f i c i e n c y  o f  uptake and t ra n s lo c a t i o n  k i n e t i c s  (Morr ison ,  
1962a; H a r Ie y ,  1969; Mosse £± . ,  1973).  Bowen and Theodorou (1967) 
p a r t l y  r e l a t e d  v a r i a t i o n s  fo u n d  b e tw e e n  m y c o r r h i z a l  f u n g i  t o  
d i f f e re n c e s  In t h e i r  phys io logy . Resul ts  from k i n e t i c  s tu d ie s  in d ic a te  
t h a t  the  more e f f e c t i v e  mycorrh iza l  fung i  have c a r r i e r  systems w i th  a 
h igher  a f f i n i t y  f o r  phosphate, and a g rea te r  number o f  these c a r r i e r s  
(Bowen, 1962). Endomycorrhizas formed by var ious  Endogone s t r a i n s  are 
found t o  d i f f e r  in t h e i r  r e l a t i v e  e f f e c t s  on p lan ts  grown in d i f f e r e n t  
s o i l s ,  and t h i s  i s  t h o u g h t  t o  be due t o  t h e i r  a d a p t a t i o n  t o  t h e  
s p e c i f i c  phosphate leve ls  and pH o f  these s o i l s  (Mosse, 1972).
Skinner and Bowen (1974a) have found t h a t  d i f f e re n c e s  between two  
Rhizopogon Iu teo lus  s t r a i n s  were not due t o  v a r i a t i o n s  in uptake, bu t  
t h a t  one s t r a i n  t rans loca ted  phosphate a t  a f a s te r  r a te  than the o the r .
The a b i I i t y  t o  u t i I i z e  le ss  a v a i l a b l e  sou rces  o f  phosphorus  has 
a lso been considered. R i t t e r  and Lyr (1965) demonstrated t h a t  Su ?I I us 
I u te u s  m y c o r r h i z a s  enhanced t h e  g r o w th  o f  s e e d l i n g s  in  r e l a t i v e l y  
in so lub le  i ron phosphate, a p a t i t e  o r  humus c a r ry ing  a r t i f i c i a l l y  bound 
32P-phosphate, whereas Amanita muscar ia d id  not.  Yet both mycor rh iza l  
f u n g i  e n la rg e d  t h e  s u r f a c e  a rea f o r  p o t e n t i a l  n u t r i e n t  a b s o r p t i o n .  
M e j s t r i k  and Krause (1973) compared t h e  r e l a t i v e  e f f e c t s  o f  S u i I I u s
I u te u s  and Cenococcum geoph i Ium  on P inus  r a d i a t a  seed I ings.  Su ? I 1 us 
Iu te u s  m y c o r r h i z a s  absorbed more phosphorus per u n i t  t i m e  f rom  32p_ 
labe l led  orthophosphate and humus than Cenococcum geoph?1um mycorrhizas 
or un inocu la ted seed l ings.  Cenococcum geophiIum reduced the uptake o f  
or thophosphate,  but absorbed near ly  double the amount o f  32p f r 0 m humus 
compared t o  con t ro l  seedl ings.
V a r i a t i o n  between s e v e ra l  m y c o r r h i z a l  fu n g i  in t h e i r  a c id  
phosphatase a c t i v i t i e s  and a c i d  phosphatase isoenzyme p a t t e r n s  have 
been dem on s t ra te d  in  pure  c u l t u r e  (Ho and Zak, 1979),  though f u r t h e r  
s tud ies  are requ i red  on the u t i l i z a t i o n  o f  natural  sources o f  o rgan ic  
phosphates by these fungi  when in mycorrh iza l  assoc ia t ion .
There  i s  a l s o  ev idence  f o r  v a r i a t i o n s  in n i t r a t e  r e d u c t a s e  
a c t i v i t y  between d i f f e r e n t  genera and species o f  mycorrh izal  fungi  (Ho 
an d Trappe, 1980).
The mycor rhiza l  fungi  may be b e t t e r  adapted t o  t h e i r  na tu ra l  host  
pI a n t ,  because i s o  I a te s  o f  m y c o r r h i z a I  f u n g i  f rom  P inus  r a d i a t a  a re  
shown t o  improve dry we igh t  and phosphorus s ta tus  in seed l ings o f  t h i s  
s p e c ie s  more than  f u n g i  i s o l a t e d  f rom  o t h e r  p l a n t  s p e c ie s  (Lamb and 
Richards,  1971). Some mycor rhizal  fungi  perform b e t t e r  in s t e r i l i z e d  
s o i l ,  t h i s  may be due t o  a reduc t ion  in m ic rob ia l  c om pe t i t io n  t o  which 
they are suscep t ib le  ( R i t t e r  and Lyr ,  1965; Theodorou, 1967; M e j s t r i k ,
1975).
The reasons f o r  d i f f e re n c e s  in mycorrh iza l  e f fe c t i v e n e s s  are  s t i l l
u n c le a r .  In c e r t a i n  cases i t  may s im p l y  be t h a t  t h e  h o s t  and fungus
are not compat ib le  mycorrh izal  par tners .  I t  has been speculated t h a t
t h e  m a jo r  f a c t o r  in  d e t e r m i n i n g  m y c o r r h i z a l  e f f e c t i v e n e s s  i s  t h e
a b i l i t y  t o  t a k e  up phosphorus.  The d i f f e r e n c e s  in t h e  g r o w th
s t im u la to r y  e f f e c t  o f  mycorrhizas are probably not due t o  one s p e c i f i c
f a c to r .  The advantages o f  a) an increase in absorbing sur face area, b)«
the possession o f  more e f f i c i e n t  uptake, accumulat ion and t r a n s lo c a t i o n  
mechan i sms, o r  c) t h e  ab i I i t y  t o  u t  I I i z e  I ess sol  ub I e n u t r  i e n t  f o rm s  
may depend on t h e  c h a r a c t e r i s t i c s  o f  t h e  e n v i r o n m e n t ,  and how t h e  
natura l  mycorrh iza has adapted t o  t h i s  s i t u a t i o n .
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Chapter l  Ihs. appl ica tion o l fn.ycorrii.izai. fungi in  commercial forestry
3.1 A f f o r e s ta t i o n  f a i l u r e s  and successes
The mycorrh iza l  s ta te  is fundamental t o  normal,  hea l thy  grov/ th o f  
ec tomycorrh iza l  t ree s  species in the na tura l  environment,  the  reasons 
f o r  t h i s  have a l r e a d y  been d is c u s s e d .  Ev idence f o r  t h e  a b s o lu t e  
r e q u i r e m e n t  o f  t h e  m y c o r r h i z a l  a s s o c i a t i o n  by f o r e s t  t r e e s  has been 
d em on s t ra te d  numerous t i m e s .  I t  has o f t e n  proved d i f f i c u l t  t o  
e s ta b l i s h  seed l ings o f  e x o t i c  t r e e  species in new p la n ta t i o n  s i t e s  in 
many pa r ts  o f  the wor ld ,  p a r t i c u l a r l y  in the southern hemisphere where 
e c t o m y c o r r h i z a I  s p e c ie s  a re  less  p r e v a l e n t .  These a reas  i n c l u d e  
A u s t r a l i a ,  the  P h i l i p p in e s ,  Puerto Rico (see M iko la ,  1973), the  Andes 
(Marx, 1975b), A f r i c a  (see M iko la ,  1980) and in p rev ious ly  un forested 
areas o f  the northern  hemisphere such as the p r a i r i e s  o f  North America 
(Ha tch ,  1936; W h i te ,  1941; McComb, 1943),  t h e  s teppes  o f  Russ ia  
( Imshenetsk i?, 1967) and sub -a lp ine  areas in A u s t r ia  (Moser, 1963).
For  many o f  t hes e  e x a m p le s  f e r t i l i z a t i o n ,  i r r i g a t i o n  and 
c u l t i v a t i o n  p ro g ra m m e s  f a i l e d  t o  im p r o v e  p l a n t  g r o w t h .  The 
i n t r o d u c t i o n  o f  f r e s h  s o i l  f rom  e s t a b l i s h e d  f o r e s t  s ta n d s ,  however ,  
p roved b e n e f i c i a l .  The o n l y  a p p a re n t  d i f f e r e n c e  between t h e  f o r m e r  
poor growth response and the subsequent recovery a f t e r  the a p p l i c a t i o n  
o f  t h i s  s o i l  was t h e  f o r m a t i o n  o f  m y c o r r h i z a s  on t h e  s o i l - t r e a t e d  
p l a n t s .  These p r e v i o u s I y  u n f o r e s t e d  s i t e s  t h e r e f o r e  r e q u i r e d  t h e  
i n t r o d u c t i o n  o f  a b i o l o g i c a l  f a c t o r ,  namely m y c o r r h i z a l  f u n g i ,  f o r  
s u c c e s s fu l  t r e e  g r o w th .  I t  may be argued t h a t  m y c o r r h i z a l  f u n g i  in  
s o i l  inocu lum m ig h t  n o t  be t h e  s o l e  cause o f  improved g r o w t h ,  b u t  
r e s u l t s  f rom  i n o c u l a t i n g  s i t e s  l i k e  th e s e  w i t h  pure  c u l t u r e s  o f  
m y c o r r h i z a l  fu n g i  have a l s o  shown b e n e f i c i a l  g ro w th  im provem en ts  
(Rayner, 1934; Hatch, 1936; Hacskaylo and Vozzo, 1967).
The successful  es tab l ishm ent  o f  e x o t i c  species in newly fo res ted  
areas where in o c u la t io n  was unnecessary has been a t t r i b u t e d  e i t h e r  t o  
m y c o r r h i z a l  p r o p a g u l e s  b e i n g  i n a d v e r t e n t l y  im po r ted  on p o t t e d  
seed l ings ,  or  t o  indigenous mycorrh iza l  fungi  being s u i t a b le  f o r  the  
in troduced species (Miko la ,  1973).
3 .2  Nursery and f o r e s t r y  p r a c t i c e  fn r e l a t i o n  t o  mycorrhizas
There appear t o  be few mycorrh iza l  problems in es tab l ished  nursery  
and f o r e s t  areas where indigenous mycorrh iza l  fung i  are always present.
In na tura l  fo re s ts  the re  Is a cont inua l  regenera t ion of  t re e  seed l ings 
a d ja c e n t  t o  ma tu re  t r e e s ,  and these  s u b s e q u e n t l y  become m y c o r r h i z a l  
w i t h  t h e  funga l  s p e c ie s  ind igenous  t o  t h a t  s i t e .  Some com m e rc ia l  
f o r e s t s  a re  h a rv e s te d  by t h i n n i n g  o r  c l e a r i n g  sma l I  a reas ,  thes e  are
then l e f t  t o  regenerate n a tu r a l l y .
Many f o r e s t  s i t e s  are planted ra th e r  than being l e f t  t o  regenerate 
n a t u r a l l y .  T h i s  r e q u i r e s  th e  p r o d u c t i o n  o f  v ig o ro u s  s e e d l i n g s  in 
f o r e s t  nurser ies .  These seedl ings may become mycorrh izal  w i th  fungi  
in d ig e n o u s  t o  th e  n u rs e r y  s i t e  (Thomas and Jackson ,  1979). N u r s e r y -  
grown seedl ings remaining non-mycorrh iza l  subsequent ly form mycorrhizas 
in the f o r e s t  s i t e  assuming i n f e c t i v e  propagules are present.
Prob lems may a r i s e  when la rg e  f o r e s t e d  a reas  a re  h a rv e s te d  by 
c l e a r  c u t t i n g  ( c l e a r  f e l l i n g )  (Meyer,  1973).  These s i t e s  have been 
m o n i to re d  d u r in g  t h e  subsequent  f a l  low p e r i o d ,  normal ly  t h e  w i n t e r  
months, and fungal a c t i v i t y  found to  be s i g n i f i c a n t l y  reduced over t h i s  
t i m e  (Baa th ,  1980) i n c l u d i n g  m y c o r r h i z a l  a c t i v i t y  (Harvey  e t  a I . r 
1980). For successful  r e a f f o r e s t a t i o n  o f  these areas, p la n t in g  w i th  
n on -m y c o r rh  i za I seed I ings  f rom th e  n u rs e r y  must be done soon a f t e r  
ha rves t ing .
The r e g e n e r a t i o n  o f  m y c o r r h i z a l  fu n g i  on c le a r e d  a reas  t h u s  
depends on spon taneous i n f e c t i o n  f rom  a d ja c e n t  s i t e s ,  b u t  a i r b o r n e  
i n f e c t i o n  takes a w h i le  t o  e s ta b l i s h  (M iko la ,  1973). An a l t e r n a t i v e  is 
t o  ensure t h a t  seed l ings are mycor rhizal  p r i o r  t o  o u tp la n t in g .
The phys io log ica l  s ta te  of  seed l ings a t  the t im e  of  o u tp la n t in g  is  
o f  g r e a t  im p o r ta n c e  no t  o n l y  in  i n i t i a l  e s t a b l  i sh m en t ,  b u t  f o r  up t o  
t e n  yea rs  a f t e r  (B jo rkm an ,  1970). The aim o f  a nurseryman i s  t o  
p roduce t r e e  s e e d l i n g s  o f  s u f f i c i e n t  s i z e  and v i g o u r  t o  e s t a b l i s h  
r a p i d l y  in a f o r e s t  s i t e .  T h is  is  ach ieved  by i n t e n s i v e  c u l t i v a t i o n  
techn iques.
F e r t i l i z a t i o n  is an impor tant  p a r t  of  the nursery programme fo r  
producing v igorous  p lan ts .  However, i t  has al ready  been s t ressed t h a t  
h igh  n u t r i e n t  l e v e l s  can a l s o  reduce t h e  s u s c e p t i b i I i t y  o f  r o o t s  t o  
mycorrh iza l  i n f e c t i o n  (Bowen, 1973).
Seedbeds a re  f r e q u e n t l y  t r e a t e d  w i t h  b i o c i d e s  t o  e l i m i n a t e  
p o te n t ia l  pathogens and com pet i to rs ,  the seed l ing stage being the most 
v u l n e r a b l e  t o  m i c r o b i a l  i n f e c t i o n  and i n s e c t  damage, and a l s o  t o  
c om pe t i t io n  f rom weed growth.  In general he rb ic ides  a t  normal f i e l d  
a p p l i c a t i o n  ra tes  do not s e r io u s ly  a f f e c t  growth o f  mycorrh iza l  fungi
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( K e l l e y  and South ,  1980). U n f o r t u n a t e l y ,  o t h e r  b i o c id e s  used in s o i I  
t rea tm ents  a lso remove des i ra b le  micro-organ isms,  inc lud ing  mycorrh iza l  
f u n g i  (M exa l ,  1980).  Some f u n g i c i d e s  do no t  e l i m i n a t e  m y c o r r h i z a l  
fung i ,  but  they can re ta rd  mycorrh izal  ro o t  fo rmat ion  (Hacskaylo and 
P a lm e r ,  1957; L a ih o  and M iko I  a, 1964).  E c to m y c o r rh i z a I  deve lopm en t  
then  r e l i e s  on e r r a t i c  r e c o l o n i z a t i o n  f rom a i r b o r n e  spores  ( M i k o l a ,  
1973). The delay in mycor rhizal  roo t  fo rm a t ion  is undes irab le  dur ing 
t h i s  c r i t i c a l  e a r l y  per iod because o f  the r e s u l t i n g  reduc t ion  in growth 
and pathogen p r o t e c t i o n ,  e s p e c i a l l y  where p a th o g e n ic  o rg a n is m s  can 
r e c o l o n i z e  t h e  fu m ig a te d  s o i l  f a s t e r  than  th e  m y c o r r h i z a l  f u n g i  
(B jo rkm an ,  1970).
In some p a r t s  o f  t h e  w o r ld  f o r e s t  t r e e  s e e d l i n g s  a re  produced 
c o m m e r c i a l l y  in  i n d i v i d u a l  c o n t a i n e r s .  T h is  method a l l o w s  s t r i c t  
c o n t r o l  ove r  p e s t i c i d e  and f e r t i l i z a t i o n  reg im es .  The s e e d l i n g s  
produced are  h e a l t h y ,  l a r g e  and u n i f o r m ,  and are  p r o t e c te d  by t h e  
con ta ine r  u n t i l  ou tp lan t ing .  However, the use of  a r t i f i c i a l  media and 
i n tens  i ve f  e r t  i I i z a t  ion and i r r  i g a t  ion reg i rnes reduces spon taneous 
m y c o r r h i z a l  f o r m a t i o n  (Trappe,  1977),  and th e  s e e d l i n g s  become 
m y c o r r h i z a l  o n l y  i f  p ropa gu le s  o f  s u i t a b l e  f u n g i  are  p r e s e n t  a t  t h e  
o u tp I  an t i  ng s i t e .
In c e r t a i n  s i t u a t i o n s  where n u r s e r i e s  a re  lo c a te d  near  f o r e s t  
s tands  t h e r e  is  no p rob lem  w i t h  r e c o l o n i z a t i o n  by m y c o r r h i z a l  f u n g i  
( P r i t c h e t t ,  1979). However, Trappe and Strand (1969) have descr ibed an 
a t t e m p t  t o  grow t r e e  s e e d l i n g s  on a s i t e  p r e v i o u s l y  used f o r  
a g r i c u l t u r a l  purposes. Despi te the f a c t  t h a t  the land was located in a 
f o r e s t r y  reg ion ,  seedl ings grown on the s i t e  remained non-mycorrh iza l  
and subsequent ly stunted and phosphorus -de f ic ien t .  The seed l ings  d id  
not respond t o  f e r t i l i z a t i o n ,  t h i s  r e s u l t  p a r a l l e l s  those from o the r  
n u r s e r y  s t u d ie s  ( M i t c h e l l  a_L., 1937; McComb and G r i f f i t h ,  1946).  
When mycorrh iza l  inoculum was added t o  some o f  the p lan ts  t h e i r  g rowth 
and phosphate uptake was increased s i g n i f i c a n t l y .  Untreated seed l ings  
fo rmed m y c o r r h i z a s  f rom n a t u r a l  sou rces  o n l y  a f t e r  a t  l e a s t  t h r e e  
g ro w in g  seasons. The lack  o f  m y c o r r h i z a l  p ro p a g u le s  on t h e  s i t e  was 
assumed t o  be a r e s u l t  o f  var ious  fa c to r s  which included the p rev ious  
use o f  the s i t e  as a g r i c u l t u r a l  land, the  l a n d - l e v e l l i n g  procedure used 
when t o p s o i l  c o n t a i n i n g  any p o t e n t i a l  m y c o r r h i z a l  p ro p a g u le s  was 
removed, and the  s o i l  s t e r i l i z a t i o n  programme.
Seedl ings grow poor ly  and are n u t r i e n t - d e f i c i e n t  in peats t y p i c a l
o f  raw-humus and deep peat p lan t ing  s i t e s  in Scot land, and mycorrh iza l  
in ocu la t ion  is shown t o  improve the growth and n u t r i t i o n  o f  seed l ings 
planted in these s i t e s  (McVean, 1963).
In  t h e  e x a m p le  o f  c i t r u s  n u r s e r i e s  whe re  n e m a to d e s  and 
Phytophthera in fe c t io n s  caused ser ious problems, fum iga t ion  o f  the s o i l  
was c o n s id e re d  e s s e n t i a l  f o r  p ro d u c in g  h e a l t h y  s e e d l i n g s ,  b u t  t h e  
s t e r i l i z e d  s o i l  led t o  s tunted,  phosphorus -de f ic ien t  p lan ts  which were 
found t o  be non-mycorrh izaI .  The seedl ings recovered when f e r t i l i z e d  
w i t h  phosphorus,  b u t  f a i l e d  on o u t p l a n t i n g .  When e n d o m y c o r r h i z a I  
inoculum was introduced in to  the nursery beds the seed l ings produced 
es tab l ished  suc c e s s fu l l y  on o u tp la n t in g  (Newcomb, 1975). In t h i s  case 
m y c o r r h i z a l  i n o c u l a t i o n  a t  t h e  n u rs e ry  s tage  o f  p r o d u c t i o n  proved 
b e n e f i c i a l .
3.3 Advantages of mycorrhizaI inoculation
I t  is  acknowledged t h a t  the o u tp la n t in g  o f  mycorrh iza l  seed l ings  
is  more s u c c e s s fu l  than  o u t p l a n t i n g  w i t h  n o n - m y c o r r h i z a I  seed I i n g s  
(Har ley,  1969; M iko la ,  1973). Nursery t ra n s p la n ts  are removed from an 
in te n s iv e l y  managed environment t o  adverse c ond i t ion s  in a f o r e s t  s i t e ,  
and t h i s  can lead t o  a check in growth.  Outplanted seed l ings  may have 
t o  u t i I i z e ' v a l u a b l e  resources t o  extend t h e i r  ro o t  systems in to  deeper
layers where i n f e c t i v e  propagules o f  mycorrh iza l  fungi  may s t i l l  e x i s t
( M i k o l a ,  1973).  Thus o u t p l a n t i n g  o f  n o n -m y c o r rh i z a  I p l a n t s  is  
s a t i s f a c t o r y  on ly  where there  are abundant  m y c o r r h i z a l  p ro p a g u le s  a t  
t h e  f o r e s t  s i t e ,  and i f  t h e  seed I ings  a re  p la n te d  e a r l y  enough in  t h e  
season f o r  mycorrhizas t o  develop (Trappe, 1977).
A delay in es tab l ishm en t  may be avoided i f  the seed l ing is  a l ready
m y c o r r h i z a l .  Theodorou and Bowen (1 9 7 0 )  r e p o r t e d  t h a t  h e i g h t  
d i f f e r e n c e s  between i n o c u la te d  s e e d l i n g s  and seed l ings which became 
mycorrh izal  by natura l  i n f e c t i o n  were s t i l l  v i s i b l e  a f t e r  32 months.  
Miko la  (1967) detected d i f fe re n c e s  f o r  3 t o  4 years.
N o n -m y c o r rh iz a I  s e e d l i n g s  are  more s u s c e p t i b l e  t o  damage f ro m  
I i f t i n g ,  t r a n s p o r t a t i o n  and d e s i c c a t i o n  than  m y c o r r h i z a l  seed I ings 
(Har ley,  1969; M iko la ,  1973), t h e re fo re  the losses o f  seed l ings  a t  t h i s  
s tage  c o u ld  be reduced by th e  n u rs e ry  p r o d u c t i o n  o f  m y c o r r h i z a l  
s e e d l i n g s .  Pathogen r e s i s t a n c e  is  advantageous d u r i n g  t h e  e a r l y  
deve lopm en t  o f  t h e  s e e d l i n g ,  and t h i s  can be inc rea sed  i f  s p e c i f i c  
m y c o r r h i z a s  a re  p r e s e n t .  A check in g ro w th  a f t e r  t r a n s p l a n t a t i o n  
r e s u l t s  in a lowered c o m p e t i t i v e  a b i I i t y  a g a in s t  weed p l a n t s .  T h i s
becomes a p rob lem in many f o r e s t s  where c u l t i v a t i o n  t e c h n iq u e s  a re  
r e s t r i c t e d  by the t e r r a i n  (Har ley,  1969). The aim of  nu rse r ies  should 
t h e r e f o r e  be t o  produce good s i z e ,  v ig o ro u s  seed I ings equ ipped w i t h  
mycorrhizas.  Th is  is  p a r t i c u l a r l y  im p o r t a n t  f o r  t h e  i n t r o d u c t i o n  o f  
e x o t i c  t r e e  s p e c ie s ,  t h e  a f f o r e s t a t i o n  o f  adverse  o r  p r e v i o u s l y  
unforested s i t e s ,  and even in the r o u t in e  re p la n t in g  o f  fo re s ts  where 
the numbers o f  mycorrh iza l  propagules may have been reduced.
The in t r o d u c t io n  o f  mycor rhizal  in ocu la t ion  in to  nursery p r a c t i c e  
has proved successful  in many cases. Mycorrh iza l  i n o c u la t i o n  can be 
i n t e g r a t e d  i n t o  normal n u rs e ry  p r a c t i c e  w i t h  added advan tages .  For 
example t h e  use o f  b i o c i d e s  f o r  soi  I t r e a t m e n t  el  i r n in a te s  no t  o n l y  
s e e d l i n g  pa thogens ,  b u t  a l s o  c o m p e t i t o r s  and a n t a g o n i s t s  o f  t h e  
in t r o d u c e d  m y c o r r h i z a l  fungus (Theodorou, 1967),  such t h a t  t h e  
m y c o r r h i z a l  a s s o c i a t i o n  can become e s t a b l i s h e d  on th e  r o o t  sys tem 
before  the compet i to rs  are able t o  reco Ion ize  the s o i l .
Opt imal growth w i th  mycorrhizas o f te n  r e s u l t s  f rom the  a d d i t i o n  
o f  moderate leve ls  o f  f e r t i I i z e r ,  p a r t i c u l a r l y  phosphorus (Hatch, 1937; 
M i t c h e  I I q±  £± . ,  1 937; L i s t e r  & ±., 1 968; H a r t  e t  aJ.., 1 980; He i I man 
and Ekuan ,  1980a ) .  In some s i t u a t i o n s ,  h o w e v e r ,  p h o s p h o r u s  
f e r t i l i z a t i o n  can be t o t a l l y  r e p l a c e d  by t h e  i n t r o d u c t i o n  o f  
mycorrh izal  fungi  (Menge 1978).
The a d ju s t m e n t  o f  pH in  f o rm e r  a g r i c u l t u r a l  s o i l s  t o  g i v e  more 
a c id  c o n d i t i o n s  w i l l  improve th e  f o r m a t i o n  o f  e c t o m y c o r r h i z a s  
(Levisohn, 1965).
I t  has a l r e a d y  been s t a t e d  t h a t  some m y c o r r h i z a l  fu n g i  a re  more 
e f f e c t i v e  than o thers in s t im u la t i n g  p la n t  growth,  and t h i s  may r e l a t e  
t o  the  environmental co n d i t io n s  in t h e i r  na tura l  h a b i ta t .  Indigenous 
nursery mycorrh iza l  fung i  may be i l l - s u i t e d  t o  the f o r e s t  s i t e  (Trappe,
1977), because they are adapted t o  a more f e r t i l e  and less c o m p e t i t i v e  
environment.  Therefore seed l ings w i th  nursey- type mycorrh izas may not 
succeed wel I in t h e  f o r e s t  e n v i ro n m e n t .  I t  would be advan tageous t o  
s e le c t  mycorrh izal  fungi  su i ted  t o  the f o r e s t  envi ronment f o r  nursery 
i n o c u la t i o n  purposes. I t  should be emphasized t h a t  in nu rse r ies  where 
indigenous mycorrh iza l  fungi  are present,  f u n g ic id a l  t rea tm en t  o f  the 
s o i l  p r i o r  t o  i n o c u l a t i o n  must be e f f e c t i v e  in rem ov ing  t h e s e  fu n g i  
before mycorrh izal  inocu la t ion  can be success fu l  (Hacskaylo and Palmer, 
1957; Laiho and Miko la ,  1964).
The d i s t r i b u t i o n  o f  b iomass between t h e  shoo t  and r o o t  o f  t h e  
s e e d l i n g  can be a l t e r e d  by d i f f e r e n t  m y c o r r h i z a l  f u n g i  in c e r t a i n  
c i r cumstances (Trappe, 1977). The requ i red  p ropo r t ions  o f  a seed l ing 
could be manipulated by i n o c u la t i o n  w i t h  s p e c i f i c  m y c o r r h i z a l  f u n g i .  
There  may be advan tages  in s e l e c t e d  m i x t u r e s  o f  m y c o r r h i z a l  f u n g i  
(Trappe, 1977). For example, the re  is some evidence t h a t  a combinat ion 
o f  m y c o r r h i z a l  s p e c ie s  on Doug las f i r  s e e d l i n g s  in c re a s e s  b iomass 
p r o d u c t i o n  more than  t h e  a p p l i c a t i o n  o f  s i n g l e  s pec ies  ( S i n c l a i r ,  
1971).
3.4  Form .and ap p l i c a t i o n  o l  mycorrh iza l  inoculum
There are b a s i c a l l y  fou r  types o f  inocula which have been used t o  
produce mycorrh iza l  seed l ings.  These are a) natural  s o i l  sources, b) 
mycorrh iza l  seed l ings ,  c) spores and d) pure c u l tu re s .
S o i l  i n o c u l a t i o n s  have been used s u c c e s s f u l l y  in many a reas .  
Mycorrh izas may be formed by fung i  which are d i f f i c u l t  or  imposs ib le  t o  
grow in c u l t u r e .  However, the re  are many problems associated w i th  t h i s  
t y p e  o f  in ocu lum .  For l a r g e - s c a l e  i n o c u l a t i o n s  s o i l  i s  b u l k y  and 
t h e r e f o r e  ex p e n s iv e  t o  t r a n s p o r t .  I t  may a l s o  c o n t a i n  p o t e n t i a l  
pathogens, pa ras i tes  and weeds, and so the source o f  the s o i l  should be 
c a r e f u l l y  a s s e s s e d  ( M i k o l a ,  1973 ;  P r i t c h e t t ,  1 9 7 9 ) .  A n o t h e r  
disadvantage is  t h a t  the dominant mycorrh iza l  fungi  present  may no t  be 
the  most s u i t a b le  f o r  the p la n t  (Marx, 1980).
The technique o f  i n t e r p l a n t i n g  nursery seedl ings w i th  m ycor rh iza l  
seed l ings  has been used w i th  some success (Miko la ,  1973). Mycor rh iza l  
s e e d l i n g s  a re  less  b u l k y  t o  t r a n s p o r t  than  s o i l ,  b u t  more c a r e  i s  
r e q u i r e d  in m a i n t a i n i n g  t h e  s e e d l i n g s ,  and un les s  th e y  have been 
produced in s t e r i l e  co n d i t io n s  they may a lso  ca r ry  disease organisms 
(M iko la ,  1973). The c o lo n i z a t i o n  o f  roo ts  using mycorrh iza l  seed l ing  
inocu lum  is  uneven in com pa r iso n  t o  o t h e r  t y p e s  o f  i n o c u l a t i o n .  
Another major problem w i th  both s o i l  and seed l ing  inoculum is t h a t  they 
a re  s u b j e c t  t o  s t r i c t  im p o r t  r e g u l a t i o n s  ( M i k o l a ,  1980). E x c is e d  
mycorrh iza l  roo ts  have been used as an inoculum source, but r e p o r t s  on 
the success o f  t h i s  method are in c o n s is te n t  (Robertson, 1954; Levisohn,  
1956).
Spore inoculum has been app l ied  in var ious  ways. Sporocarps can 
be c r u s h e d  and m ix e d  i n t o  t h e  s o i l  ( i t  i s  assumed t h a t  t h e  
b a s i d i o s p o r e s  cause t h e  i n f e c t i o n  r a t h e r  than the bas id ioca rp  t i s s u e  
m y c e l ium  wh ich  soon deg ene ra tes  (Marx ,  1980) ) ,  o r  spo res  can be
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c o l l e c t e d  f rom  spo ro c a rp s  and mixed i n t o  t h e  s o i l  ( M i k o l a ,  1973).
Spores are easy t o  t r a n s p o r t  and they may be dr ied or  f r e e z e -d r ie d  f o r
s to ra g e .  However,  o n l y  those  m y c o r r h i z a l  fu n g i  wh ich  p roduce  
s po ro c a rp s  can be used f o r  spore  i n o c u l a t i o n  (Bowen, 1965).  Some 
mycorrh iza l  fungi  do not form sporocarps, and o thers may produce them 
on ly  when s p e c i f i c  environmental  c ond i t ions  p re v a i l .  Th is  l i m i t s  the
number o f  s p e c ie s  t h a t  can be used f o r  t h i s  method o f  i n o c u l a t i o n .
Spore c o l l e c t i o n  is  r e s t r i c t e d  t o  the t im e  o f  year when sporocarps are 
p roduced,  so t h a t  t h e  spores  must then  be s to re d  u n t i  I t h e y  a re  
r e q u i r e d  ( M i k o l a ,  1973). In a d d i t i o n ,  s to ra g e  t e c h n iq u e s  reduce  t h e  
g e r m i n a t i o n  r a t e  o f  s po res ,  and t h e r e f o r e  t h e y  are r e q u i r e d  a t  much 
h i g h e r  inocu lum  l e v e l s  (Theodorou and Bowen, 1973). P ? so I i  t h u s  
t  i n c t o r  i us bas i d i ospores  have been used success fu l l y  f o r  in o c u la t i o n  
(Marx and Bryan ,  1975),  b u t  t h e r e  have been d i f f i c u l t i e s  in f o r m in g  
m y c o r r h i z a s  w i t h  b a s i d i o s p o r e s  f rom  o t h e r  s p e c ie s  (T rappe ,  1977).  
ChIamydospores and s c l e r o t i a  have been used in some s t u d i e s ,  though  
t h e y  are  a p p a r e n t l y  less  v ig o ro u s  in f o rm in g  m y c o r r h i z a s  than  
basid iospores (Lamb and Richards,  1974a). Some mycorrh iza l  fung i  can 
produce ch I amydospores and s c l e r o t i a  in c u l t u r e ,  and t h i s  rnay be a 
p o t e n t i a l  sou rce  f o r  p ro d u c in g  la rg e  q u a n t i t i e s  (T rappe ,  1977).  
Format ion o f  mycorrhizas w i th  chIamydospores is improved i f  i n o c u la t i o n  
i s  preceded by s o i I  s t e r i I i z a t i o n ,  because these  spores  appear  t o  be 
more s e n s i t i v e  t o  a n ta g o n is t i c  s o i l  micro-organisms (Lamb and Richards,
1978).
The use of  pure c u l t u r e  inoculum is in theory  the  most p rom is ing  
method f o r  th e  l a r g e - s c a l e  p r o d u c t i o n  o f  m y c o r r h i z a l  f o r e s t  t r e e  
s e e d l i n g s  (Bowen, 1965; M i k o l a ,  1973; T rappe ,  1977). T h i s  t y p e  o f  
inoculum has been used w i th  some success f o r  r e a f f o r e s t a t i o n  o f  sub- 
a l p i n e  areas in A u s t r i a  (Moser,  1958b, 1959) and t h e  r e c l a m a t i o n  o f  
mine w a s te land  (Marx ,  1975a). M y c e l i a l  c u l t u r e s  are  n o t  as e a s i l y  
s tored or  maintained as s c l e r o t i a  or chIamydospores (Lamb and Richards,  
1971), but  mycel ia l  inoculum apparent ly  forms mycorrhizas more r a p i d l y  
than  spore  inocu lum (Theodorou and Bowen, 1970),  and so r e s u l t s  in  a 
more even s e e d l i n g  g ro w th  improvement .  A m a jo r  p rob lem  w i t h  t h e  
produc t ion  of  pure c u l t u r e  inoculum is t h a t  i t  is r e s t r i c t e d  t o  those 
m y c o r r h i z a l  f u n g i  t h a t  w i l l  grow in  a x e n ic  c u l t u r e  and have a 
reasonable growth r a te  in t h i s  s ta te .  Th is  excludes many p o t e n t i a l l y  
e f f e c t i v e  types (M iko la ,  1973).
3.5 Se lec t ion  s i  mycorrh(zaI fung i
An im p o r t a n t  f a c t o r  t o  c o n s id e r  when p ro d u c in g  m y c o r r h i z a l  
s e e d l i n g s  i s  t h e  t y p e  o f  m y c o r r h i z a l  f u n g u s  t o  be used .  The 
d i f f e re n c e s  between mycorrh iza l  fungi  in t h e i r  a b i l i t y  t o  promote p la n t  
g ro w th  has been d i s c u s s e d  p r e v i o u s l y  (2 .8 ) .  The advan tages  o f  th e  
mycorrh iza l  assoc ia t ion  are increased i f  se lec ted mycorrh iza l  fungi  are 
u t i l i z e d  in  the  n u rs e ry  p r o d u c t i o n  o f  t r e e  s e e d l i n g s .  The id e a l  
mycorrh iza l  fungus should s t im u la te  p la n t  growth more e f f e c t i v e l y  than 
in d ig e n o u s  t y p e s ,  rem a in  on th e  p l a n t  f o r  a s i g n i f i c a n t  p e r i o d  a f t e r  
o u t p l a n t i n g ,  and be r e l a t i v e l y  easy t o  produce in pure c u l t u r e  on a 
la rg e  s c a le .  Bowen (1965) and Trappe (1977) have r e v ie w e d  t h e  
c r i t e r i a  requi red o f  mycorrh iza l  fungi  f o r  nursery inocu la t ion .
When i n i t i a t i n g  a search f o r  s u i t a b le  mycor rhizal  fungi  as many 
i s o l a t e s  as p o s s i b l e  shou ld  be c o l l e c t e d  from d i f f e r e n t  t r e e  species 
and geographical  reg ions (Theodorou and Bowen, 1970). I t  is  useful  t o  
do eco log ica l  surveys t o  f i n d  the d i s t r i b u t i o n  o f  mycorrh iza l  types in 
t h e  f i e l d ,  t h i s  i n d i c a t e s  t h e i r  success in s u r v i v i n g  and a d a p t i n g  t o  
local  cond i t ions .  I t  has o f te n  been found t h a t  u n i d e n t i f i e d  i s o la te s  
taken from p lan t  species in t h e i r  na tura l  h a b i t a t  s t im u la te  growth more 
e f f e c t i v e l y  on those species than more commonly known mycorrh iza l  fungi  
(Lamb and R ic h a rd s ,  1971; Ekwebelam, 1979).  I t  sh o u ld  a l s o  be 
remembered t h a t  i s o l a t e s  o f  t h e  same s p e c ie s  taken  f rom  d i f f e r e n t  
l o c a l i t i e s  can va ry  in  t h e i r  c a p a c i t y  t o  enhance p l a n t  g r o w th  
(Theodorou and Bowen, 1970).
The method contemplated f o r  large scale product ion o f  mycorrh iza l  
f u n g i  shou ld  a l s o  be used f o r  t h e i r  s e l e c t i o n .  The g r o w t h  o f  pu re  
c u l t u r e  inocu lum has been c o n s id e re d  t h e  most e f f i c i e n t  method f o r  
l a rg e  s c a le  p r o d u c t i o n  o f  m y c o r r h i z a l  f u n g i ,  bu t  t h e r e  a re  many 
problems associated w i th  t h i s  method when se le c t in g  mycorrh iza l  fung i .  
I n i t i a l  d i f f i c u l t i e s  oc c u r  in  i s o l a t i n g  th e  m y c o r r h i z a l  f u n g i  f o r  
f u r t h e r  t e s t s .  Many p o t e n t i a l l y  u s e fu l  m y c o r r h i z a l  f u n g i  c a n n o t  be 
c u l t u r e d  on a r t i f i c i a l  med ia ,  and u n t i l  more is  known ab o u t  t h e i r  
s p e c i f i c  growth requi rements  they must be excluded from f u r t h e r  study. 
Once in c u l t u r e  mycorrh iza l  fungi  have a t y p i c a l l y  slow growth r a te ,  
and t h i s  prolongs the t im e  requ i red  f o r  mycor rhizal  s tud ies .  At  t h i s  
s tage  o n l y  those  f u n g i  w i t h  r e l a t i v e l y  f a s t  g ro w th  r a t e s  can be 
considered f o r  f u r t h e r  t e s t i n g  and la rge -sca le  product ion.  To ensure 
t h a t  the mycorrh izal  i so la tes  obta ined are compat ib le  w i th  the p la n t  
s p e c ie s  t o  be used f o r  t h e  s e l e c t i o n  s t u d i e s ,  a t t e m p t s  a re  made t o
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s y n t h e s i z e  m y c o r r h i z a s  in s t e r i l e  c u l t u r e  us ing  th e  t e s t  f u n g i  and 
p lan ts .
The e s t a b l i s h m e n t  o f  s e e d l i n g s  in th e  f i e l d  is  o f  p r im a r y  
importance. The r a te  o f  es tab l ishment  is  p a r t l y  determined by the s ize  
and g ro w th  r a t e  o f  t h e  seed I ings  when p la n te d  o u t  in t h e  f o r e s t .  The 
e f f e c t i v e n e s s  o f  m y c o r r h i z a l  fu n g i  in a c c e l e r a t i n g  p l a n t  g r o w t h  i s  
t h e r e fo re  a useful  parameter on which t o  base a s e le c t io n  programme. 
The modes o f  ac t ion  by which mycorrhizas s t im u la te  p la n t  growth and the 
uptake of  phosphate are s t i l l  not  f u l l y  understood. Therefore  the  on ly  
r e l i a b l e  method f o r  assessing the e f fe c t i v enes s  o f  mycorrh izal  fungi  a t  
the present t im e  is by bioassay.
The bicassays can be se t  up in Ia b o ra to ry - c o n t ro l l e d  env ironmental  
chambers, or  as glasshouse pot exper iments or  f i e l d  t r i a l s .  An ideal  
s e l e c t i o n  programme shou ld  p e r m i t  t h e  s tudy  o f  a l a rg e  number o f  
mycorrh izal  fungi  and p lan ts  in vary ing environmental c o n d i t io n s ,  but 
the  a b i l i t y  t o  do t h i s  w i l l  depend g r e a t l y  on the  ex ten t  o f  f a c i l i t i e s  
a v a i la b le .  These are r e l a t i v e l y  long- term experiments due t o  the  slow 
g ro w th  r a t e s  o f  bo th  t h e  m y c o r r h i z a l  fu n g i  and t h e  f o r e s t  t r e e  
s e e d l i n g s ,  and t h e r e f o r e  r e s u l t s  f rom  s e l e c t i o n  programmes a re  
r e s t r i c t e d .  Exper imental  design becomes impor tant  in these s e le c t i o n  
s t u d i e s ;  t i m e  and e x p e n s e s  m us t  be p la n n e d  e f f i c i e n t l y  and 
economica l ly  in order  t o  gain as much va luab le  in fo rm at ion  as poss ib le .
B ioassays  in I a b o r a t o r y - c o n t r o I  Ied c o n d i t i o n s  are  u s e f u l  f o r  
a s s e s s i n g  t h e  p o t e n t i a l  e f f e c t i v e n e s s  o f  m y c o r r h i z a l  f u n g i  in 
s t im u la t i n g  p la n t  growth.  Al though these t e s t s  cannot be r e la te d  w i th  
conf idence t o  the  f i e l d  s i t u a t i o n ,  they pe rm i t  the  r o u t in e  t e s t i n g  of  
l a r g e  n um be rs  o f  i s o l a t e s ,  w h i c h  i s  i m p r a c t i c a l  by f i e l d  
e x p e r i m e n t a t i o n .  G la s s h o u s e  p o t  e x p e r i m e n t s  have been used 
s u c c e s s f u l l y  in  many m y c o r r h i z a l  re s e a rc h  programmes. T h i s  sys tem  
moderates some disadvantages o f  the labora tory  and f i e l d  based s tu d ie s ,  
s ince an acceptable number o f  i s o la te s  can be tes ted  in c o n d i t io n s  more 
c lo s e l y  re la ted  t o  the f i e l d  s i t u a t i o n .
M in e r a l  ana ly s e s  o f  p l a n t s  have been compared in  r e l a t i o n  t o  
g r o w th  responses w i t h  d i f f e r e n t  m y c o r r h i z a s ,  bu t  as y e t  no c l e a r  
r a t i o n a l e  f o r  t h e  d i f f e r e n t i a l  up take  o f  v a r i o u s  m in e r a l s  by t h e s e  
mycorrh izas has been proposed. The r e s u l t s  o f  mineral  analyses from 
d i f f e r e n t  re s e a rc h  s t u d ie s  appear t o  be v a r i e d  (see T ab le  8 .2 ) ,  and 
more e f f o r t  should be made t o  e lu c id a te  these incons is tenc ies .
Other  c h a r a c t e r i s t i c s  o f  m y c o r r h i z a s  t h a t  may be o f  v a lu e  in 
r e l a t i o n  t o  p la n t  growth increases are s t r u c t u r a l  d i f f e re n c e s  such as 
e x t r  am a t r  i ca I m y c e l i a  and s h e a th  t h i c k n e s s ,  and p h y s i o l o g i c a l  
d i f f e re n c e s  in mineral  uptake and enzyme systems. These may prove t o  
be u s e fu l  s e l e c t i o n  pa ram e te rs  when more is known abou t  t h e s e  
c h a r a c t e r i s t i c s  in  r e l a t i o n  t o  p l a n t  g ro w th  responses .  The r a t e  a t  
wh ich  fu n g i  fo rm  m y c o r r h i z a s  shou ld  a l s o  be c o n s id e re d .  The fungus  
must form mycorrhizas before o ther  s o i l  micro-organ isms reco Ion ize  the 
s t e r i l i z e d  nursery s o i l  too ex tens ive ly .
Before a se lected mycorrh izal  fungus can be used f o r  la rg e -s c a le  
i n o c u l a t i o n ,  i t  shou ld  be assessed f o r  v a r i o u s  p a ra m e te rs  in f i e l d  
t r i a l s .  The s e l e c te d  m y c o r r h i z a l  f u n g i  shouI a be s u i t e d  t o  n u r s e r y  
c u l t i v a t i o n  t e c h n iq u e s  such as b i o c i d e  t rea tm en ts ,  f e r t i l i z a t i o n  and 
i r r i g a t i o n .  They must a l s o  p e r s i s t  as m y c o r r h i z a s  in t h e  n a t u r a l  
f o r e s t  e n v i ro n m e n t  (Theodorou and Bowen, 1970; Vozzo, 1971).  F o r e s t  
s o i l  c o n d i t i o n s  such as f e r t i l i t y ,  m o i s t u r e  r e l a t i o n s ,  pH and 
te m p e r a tu r e  may be v e ry  d i f f e r e n t  t o  t h o s e  in t h e  n u rs e r y  s i t e .  The 
m y c o r r h i z a s  must adap t  t o  such changes in  e n v i r o n m e n t a l  c o n d i t i o n s  
(Bowen, 1965; Trappe, 1977). The preformed mycorrh iza must be ab le  t o  
compete s u c c e s s f u l l y  w i t h  o t h e r  s o i l  m ic r o - o r g a n i s m s  i n c l u d i n g  
mycorrh iza l  fungi  indigenous t o  the  o u tp la n t in g  s i t e  (M iko la ,  1973).
In some in s ta n c e s  th e  o u t p l a n t i n g  s i t e  may r e q u i r e  s p e c i a l i z e d  
f u n g i .  In a reas  where c e r t a i n  r o o t  pathogens a re  endem ic ,  seed I ings 
w i th  mycorrhizas capable o f  p r o t e c t i n g  r o o t s  a g a in s t  t h e s e  pa thogens  
would be b e n e f i c i a l .  The c a p a c i t y  o f  a rn y c o r rh i z a  t o  s u p p o r t  a 
n i t r o g e n - f i x i n g  f l o r a  may be c o n s id e re d  an i m p o r t a n t  advan tage  on 
c e r t a i n  s i t e s .  For s i t e s  where ex t re m e  te m p e r a tu r e s  cause g r o w th  
problems, the h e a t - t o le r a n t  Pi s o l i t h u s  t i n c t o r  i us would be a s u i t a b l e  
m y c o r r h i z a l  fungus f o r  i n o c u l a t i o n .  On s i t e s  prone t o  p e r i o d s  o f  
d r o u g h t ,  Cenococcum geoph ?Ium would be b e t t e r  adapted than  o t h e r  
mycorrh iza l  fung i .  Se lec t ing  mycorrh iza l  fungi  f o r  t h e i r  t o le ra n c e  t o  
s o i l  t o x i c i t y  would be impor tan t  when p la n t in g  mine-waste areas. I t  is  
a d v i s a b l e  t o  avo id  po isonous  s p e c ie s  o f  m y c o r r h i z a l  f u n g i  such as 
Aman i t a  pha l lo ides  (Trappe, 1977), p a r t i c u l a r l y  f o r  amenity areas. The 
use o f  e d i b l e  m y c o r r h i z a l  fu n g i  may have added advan tages  in  a reas  
where w i ld  mushrooms are commonly eaten by the local  popu la t ion .
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3.6 Just i f i cation £04 objectives o l this study
Much work is s t i l l  needed f o r  a f u l l  understanding of  a l l  aspects 
o f  t h e  m y c o r r h i z a l  a s s o c i a t i o n .  A s i g n i f i c a n t ■p r o p o r t i o n  o f  
mycorrh izal  research is aimed a t  developing p ra c t i c a l  methods f o r  the 
use of  mycorrh izal  fungi  in the commercial product ion  of  crop p lan ts .  
An impor tant  p a r t  o f  t h i s  research must be the c r i t i c a l  assessment o f  
mycorrh izal  is o la te s  f o r  t h e i r  performance in f i e l d  cond i t ion s .  F ie ld  
exper iments are r e l a t i v e l y  expensive in terms of  t im e  and labour,  so 
c l e a r l y  i t  would  be advantageous i f  l a b o r a t o r y  and g la s s h o u s e  based 
s e le c t io n  t e s t s  could be developed t o  g ive  a reasonable in d ic a t i o n  o f  
the performance of  mycor rhizal  fungi  in the f i e l d .
As pa r t  o f  a research programme in the Department o f  M ic rob io log y  
a t  S u r rey  a la rg e  number o f  i s o l a t e s  o f  fu n g i  m y c o r r h i z a l  w i t h  S i t k a  
spruce has been c o l le c te d .  The main o b je c t i v e  of  the present  p r o je c t  
has been t o  use p a r t  o f  t h i s  c o l l e c t i o n  t o  deve lop  methods f o r  
a s s e s s in g  th e  p o t e n t i a l  v a lu e  o f  t h e s e  m y c o r r h i z a l  f u n g i  f o r  t h e  
in o c u la t io n  of  nursery seed l ings o f  S i tka  spruce.
Inc lud ed  in t h i s  p r o j e c t  has been a s tudy  o f  t h e  i n t e r a c t i o n  o f  
s o i l  type w i th  d i f f e r e n t  fungal species and s t ra in s .
MATERIALS AND METHODS
Chapter 4 Bloassays ±QL le t t ing mycorrhizal fungi 
4.1 Introduction
Over t h e  p a s t  few yea rs  m y c o r r h i z a l  resea rch  a t  S u r rey  has been 
concentra ted on S i tka  spruce CPicea s i t c h e n s is  (Bong.) Carr . ) .  Th is  is 
a t  p r e s e n t  t h e  most im p o r t a n t  f o r e s t  s p e c ie s  grown c o m m e r c i a l l y  in 
G rea t  B r i t a i n .  S i t k a  sp ruce  is  a s pec ies  in d ig enous  t o  t h e  P a c i f i c  
coast  of  North America from C a l i f o r n i a  t o  Alaska, and has proved t o  be 
very we l l  adapted t o  those f o r e s t  environments in Great B r i t a i n  which 
have a r e l a t i v e l y  h igh  annual r a i n f a l  I. T h is  t r e e  has fe w e r  d i s e a s e  
problems than o ther  con i fe rous  species grown in t h i s  country .  I t  has a 
r a p i d  g ro w th  r a t e  in f a v o u r a b l e  c o n d i t i o n s ,  and i t s  t i m b e r  is  
l i g h t w e ig h t  but st rong.  For these reasons i t  has become a major t im b e r  
crop in Great B r i t a i n .
Almost a l l  the mycorrh iza l  fungi  used in these exper iments  had 
been iso la ted  from S i tka  spruce in prev ious research programmes by Dr. 
Gerard Thomas and Mrs. Doreen Rogers. These fungi  were i s o la te d  from 
bo th  m y c o r r h i z a l  r o o t s  and a d ja c e n t  sp o ro c a rp s .  The a reas  sampled 
ranged from nursery s i t e s  t o  mature f o r e s t  s i t e s  in d i f f e r e n t  lo c a t io n s  
in  G re a t  B r i t a i n .  T h i s  ensured t h a t  a w ide  v a r i e t y  o f  i s o l a t e s  f rom  
p la n ts  o f  d i f f e r e n t  age and d ive rse  environments were a v a i l a b le  f o r  the  
p r e s e n t  s tudy .  Al I t h e  f u n g i  s u c c e s s f u l  ly i s o l a t e d  had been checked 
f o r  m y c o r r h i z a l  f o r m a t i o n  on S i t k a  spruce  by p u r e - c u l t u r e  s y n t h e s i s  
(Thomas and Jackson, 1979).
4.2 Production oi_ inoculum
I n i t i a l  s tud ies  were designed t o  i n v e s t ig a te  d i f f e r e n t  methods f o r  
producing p u re -c u l tu re  inoculum f o r  bioassays.
In the  method most w ide ly  used a s o l i d  m a t r i x  is inocu la ted w i th  a 
l i q u i d  s t a r t e r - c u I t u r e  or  agar discs  of  the mycorrh iza l  fungus (M iko la ,  
1973).  T h is  m a t r i x  i s  g e n e r a l l y  v e r m ic u l  i t e  (an expanded m ic a ) ,  and 
peat is  included main ly  f o r  lowering the pH o f  the medium. A n u t r i e n t  
s o l u t i o n  s p e c i f i c a l l y  developed f o r  the c u l t u r e  o f  mycorrh iza l  fung i  is 
added t o  t h i s  m a t r i x .  The d i s a d v a n ta g e  o f  t h i s  method i s  t h a t  a 
r e l a t i v e l y  long incubat ion  per iod (several  months) is needed t o  produce 
inoculum.
One n u t r i e n t  medium was used f o r  the growth o f  mycorrh iza l  fungi  
t h r o u g h o u t  t h e  per  i od o f  expe r  i m e n ta t  ion ,  t h  i s was mod i f  i ed Me I i  n -  
N o rk rans  (MMN) medium (F ig .  4.1) (Marx ,  1969; Marx,  1975b).  I t  
con ta ins  essen t ia l  m ine ra ls ,  th iam ine  and a glucose carbon source.
F igure  4.1 Mod if ied  Mel in- tJorkrans medium
0.05 g CaC 1 ^
0.025 g NaCI
0.05 g kh2po4
0.25 g ( nh4 ) 2hpo4
0.15 g MgS04 .7H20
1 .0 ml FeCI3 (1$ w/v)
1.0 ml th iam ine  hydrochI o r ide
3.0  g m a l t  e x t r a c t  (Oxoid)
10.0 g g lucose
d i s t i l l e d  water t o  1000ml 
Davis agar (15.0g 1"^) is  added when a s o l i d  medium is  requ i red
4.2.1 Br-QkgJQ 3-1 gs5 c u l t u r i n g  te c h n iq ue
A 50ml volume o f  modif ied Mel in-Norkrans (MMN) n u t r i e n t  s o l u t i o n  
was added t o  a 250ml con ica l  f l a s k  con ta in ing  several  p ieces o f  broken 
g lass  (approx imate ly  2cm x 2cm). The f la s k s  were c losed w i th  c o t to n ­
wool p lu g s  and a u t o c la v e d .  Agar d i s c s  were c u t  f rom  c o l o n i e s  o f  
mycorrh iza l  fungi  and p la ted  out on f resh MMN agar p la te s ,  these were 
in c u b a te d  a t  20 °C f o r  4 t o  5 days t o  sc reen  f o r  c o n t a m i n a t i o n  and t o  
i n i t i a t e  new v ege ta t ive  growth.  Four con tam inan t - f ree  d iscs  were added 
t o  each f l a s k .  The f l a s k s  were in c uba ted  f o r  14 days a t  20 °C, and 
e i t h e r  shaken v ig o ro u s ly  f o r  1-2 minutes once every 48 hours o r  shaken 
con t inuous ly  on an o r b i t a l  shaker.
Biomass product ion  was assessed by c o l l e c t i n g  the  myce l ia  on pre­
weighed f i l t e r  papers, which were then d r ied  f o r  24 hours a t  60 °C and 
dry we ight de te rm ina t ions  made.
4.2.2 Eap.gr. c u I t u r e
Various types o f  c u l t u r e  vessel were used w i th  d i f f e r e n t  shapes o f  
chromatography paper. Table 4.1 summarizes the methods.
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Table 4.1 Production q± inoculum hx paper c u l tu re  methods
Vessel Paper 
Shape Size (cm)
Vo l.  o f  
MMN (ml)
1nocu1um 
discs
In o c u la t io n
P e t r i  d ish (g lass) c i r c l e 9.0 d i am 5.0 1 to paper
Large b o i l i n g  tube c y l i n d e r 14.0 h t 20.0 2 to paper
Smal1 b o i 1ing tube c y 1i nder 10.0 h t 15.0 2 to paper
Specimen tube c y 1i nder 6.0 ht 10.0 2 to paper
Specimen tube c y 1i nder 6.0 ht 10.0 2 t o med i um
Specimen tube cone 7.5 h t 10.0 1 to paper
Specimen tube s t r  i p 7.0 h t 10.0 1 to paper
The vessels were incubated a t  20 °C f o r  4 weeks. Biomass increase 
was determined by measuring the dry weights  o f  the paper w i th  a t tached 
m y c e l iu m ,  and t h e  p r e v i o u s l y  e s t im a t e d  d ry  w e ig h ts  o f  t h e  paper  and 
inoculum discs  were subt rac ted  from these values.
4.2.3 Pea t -ve rm icu1i t e  c u l t u re
Various methods were compared t o  determine the most e f f i c i e n t  and 
convenient  f o r  product ion  o f  c u l t u r e  inoculum.
a) K i l n e r  j a r s
The vessels used were 1.5 l i t r e s  in t o t a l  volume. The l i d s  had 
been m o d i f i e d  t o  c a r r y  a 5cm x 2cm g la s s  tu b e  wh ich  a c te d  as a 
s t e r i l e  a i r - v e n t  when plugged w i th  co t to n  wool. A p e a t - v e r m i c u I i t e -  
MMN m i x t u r e  was added in t h e  f o l l o w i n g  p r o p o r t i o n s :  33ml I r i s h  
sphagnum moss pea t  : 970ml v e r m i c u I i t e  ( M i c a f i l )  : 500ml MMN 
n u t r i e n t  s o l u t i o n .
b) Er lenmeyer f la s k s
The 500ml Er lenmeyer f la s k s  used had wide necks, which a t  the  
end o f  the incubat ion  per iod pe rm i t ted  the removal o f  inoculum mass 
more e a s i l y  than  na r ro w -n e c k e d  c o n i c a l  f lasks .  Var ious r a t i o s  o f  
c o n s t i t u e n t s  were t e s t e d .  The r a t i o  adopted f o r  p r o d u c t i o n  o f  
mycorrh iza l  inoculum was 28ml peat : 250ml v e r m ic u l i t e  : 200ml MMN 
n u t r i e n t  sol u t i o n .
The pea t-vermicuI i te -MMN m ix tu re  was added t o  the above vesse ls
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which  were then  c lo s e d  w i t h  c o t t o n - w o o l  p lugs  and a u to c la v e d .  The 
s t e r i l i z e d  vessels were inocu la ted w i th  agar discs o f  fungal mycel ium, 
wh ich  had been sc reened f o r  c o n t a m in a t i o n  as p r e v i o u s l y  d e s c r ib e d  
(4 .2 .1 ) ,  and incuba ted  a t  20 °C u n t i l  the  fu n g a l  m yce l ium  had 
penetrated throughout  the c u l t u r e  medium (2-4 months).
The peat-vermicu I i te  c u I t u r e s  were examined m i c r o s c o p i c a l l y  t o  
check f o r  gross con tam ina t ion  be fore  they were used t o  in o c u la te  the  
s o i l s .  The c u l t u r e s  were tu rn e d  o u t  o n to  c le a n  m u s l i n  s qua res  and 
thorough ly  r insed  under running tap water f o r  a few minutes t o  remove 
n u t r i e n t s  remaining in the c u l t u r e  medium. When the inoculum m a t r i x  
had drained i t  was incorporated in to  the s o i l .
U n in o c u la te d  c o n t r o l  t r e a t m e n t s  c o n s i s t e d  o f  a s i m i l a r  p e a t -  
v e r m i c u l i t e  m ix tu re  w i th  e i t h e r  d i s t i l l e d  water (PVD) or  MMN s o lu t i o n  
(PVM) in the same r a t i o  as used t o  produce the c u l t u r e  inoculum. 'These 
c o n t r o l  m i x t u r e s  were a u to c la v e d ,  r i n s e d  and used in t h e  same way as 
the p e a t - v e r m ic u I i t e  c u l t u r e  inoculum.
4.3 Soi  Is
The s o i l s  used f o r  t h e  b ioas s ay s  came m a in l y  f rom F o r e s t r y  
Commission s i t e s  in England and Wales (Table 4.2).
Table 4.2 So?Is used in bioassays
Name S i t e S o i1 type P lan t in g  date 
of  stand
T i l h i l l T i l h i l l  Nursery,  Surrey Coarse sand
1ronh i 11 1r o n h i l l ,  W. Sussex Fine sand -
A ld e r h o l t  Somerley, Dorset F ree ly -d ra ined 1941
humus-iron podzol
Brarnsh i 11 Yate ley Heath Wood, Sand w i th 1943
Hampsh i re acid humus
Crychan Crychan f o re s t , Upland brown 1979*
Dyfed, Wales ear th  ( s i l t y - l o a m )
Ferndown Uddens P la n ta t io n , Impeded podzol ized 1932
Dorset soi 1
^second r o t a t i o n  s i t e  p rev ious ly  planted in 1934 and c leared in 1978
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4.3.1 Co I le c t  ion
The s o i l s  were col lec+ed from the top 30crn of  the s o i l  p r o f i l e ,  
e x c l u d i n g  s u r f a c e  d e b r i s  and t h e  I i t t e r - I a y e r .  T h i s  p a r t  o f  t h e  
p r o f i l e  i n c lu d e s  t h e  0 h o r i z o n s  where t h e  m a j o r i t y  o f  m y c o r r h i z a l  
a c t i v i t y  occurs in the natural  h a b i ta t .  The s o i l s  were t ranspo r ted  and 
s tored in p l a s t i c  bags.
4.3.2 Stgc.i.l f z a t  ion
a) Steam t rea tm en t
T h is  s im p le  method was used f o r  i n i t i a l  g lasshou se  s t u d i e s .  
The s o i l  was steamed f o r  45 minutes,  then l e f t  t o  cool ove rn igh t .
b) Chemical fum iga t ion
A chem ica l  s t e r i l a n t  dazomet (B a s im id )  is  commonly used f o r  
fum iga t ing  nursery seed-beds. The chemical a i th ioca rbam ate  in the 
dazomet  f o r m u l a t i o n  is  c o n v e r te d  t o  a v o l a t i l e  t o x i c  compound, 
methyl iso th iocyanate .  Dazomet is  c o n s id e re d  t o  be e f f i c i e n t  f o r  
e l im in a t i n g  mycorrh iza l  fungal propagules ( I y e r  and Wojahn, 1976).
The s t e r i l a n t  was added t o  the s o i l  a t  the ra te  o f  30g dazomet 
t o  70 l i t r e s  o f  s o i l ,  and t h o r o u g h l y  mixed in w i t h  a f o r k .  The 
s o i l  was repacked in t h e  p l a s t i c  bags w h ich  were then  s e a le d  and 
s to re d  f o r  3 weeks. The s o i l  was then  em p t ied  o u t  i n t o  p o t s  o r  
t r a y s  in a c lo s e d  bay o f  th e  g las s hou s e  and l e f t  f o r  5 weeks t o  
a l low  t o x i c  v o l a t i l e s  t o  evaporate o f f .
The s o i l s  were tes ted  f o r  p h y t o t o x i c i t y  by sowing cress seeds 
o n to  t r e a t e d  so i  I i n P e t r  i d i s h e s .  The so i  I s were moi s te n e d ,  t h e  
dishes were sealed w i th  PVC tape and the seeds l e f t  t o  germina te  f o r  
1-3 days. Successful ge rm ina t ion  o f  seeds in comparison t o  those on 
c o n t r o l  u n s t e r i l i z e d  pea t  i n d i c a t e d  t h a t  t h e  s o i l  was f r e e  o f  
s i g n i f i c a n t  t o x i c i t y .
4.4 Mycorrh i za I fmigj.
Table 4.3 descr ibes the  i s o la te s  used f o r  the s e le c t io n  t e s t s ,  and 
Table 4.4 t h e i r  source .
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Table 4.4 D e sc r ip t ion  o f  i s o la t i o n  s i t e s
Name o f  s i t e Soi 1 type P la n t in g  date 
o f  stand
Bordon nursery ,  Hampshire Fine sand
A ld e r h o l t  f o r e s t ,  Somerley, Dorset Free ly  drained 1941
humus-iron podzol
Glasfyndd f o r e s t ,  Dyfed, Wales Upland brown ear th 1928
(s i  1ty - loam)
4.5 P lants
The s e e d - lo t  used f o r  these exper iments was S i tka  spruce 70(7111) 
L t  8 f rom Queen C h a r lo t te  Is land B.C. ana was supp l ied by the F o re s t ry  
Commission (A l i c e  H o l t ) .
The seeds were stored in an a i r t i g h t  con ta ine r  a t  4 °C.
4.5.1 Ster  ? I i z a t io n  a t  seeds
A l l  seeds used were s u r f a c e d - s t e r i I i z e d  t o  remove p o s s i b l e  
pathogens and mycorrh iza l  fung i  by soaking them in hydrogen perox ide 
(100 v o l s )  f o r  30 m in u te s ,  f o l l o w e d  by tho ro u g h  r i n s i n g  in  s e v e r a l  
changes o f  s t e r i l e  water  (Trappe, 1961).
4.5.2 Germinat ion o f  seeds
a) D i r e c t  seeding
The s u r f a c e - s t e r i I i z e d  seeds were stored in water  f o r  24 hours 
a t  4 °C t o  al low i m b i b i t i o n .  These seeds were sown d i r e c t l y  o n to  
p re - inocu Ia ted  s o i l  in growth con ta ine rs ,  and covered w i th  a layer  
o f  p e r l i t e .  The c o n t a i n e r s  were covered  in b la c k  p o l y t h e n e  t o  
m a in t a i n  m o is t  c o n d i t i o n s  and reduce l i g h t  l e v e l s ,  and k e p t  in 
glasshouse c ond i t ion s  (4.7). The black polythene was removed when 
about 50# ge rm ina t ion  had occurred (5-14 days).
b) P re -germ ina t ion  on agar
The s u r f a c e - s t e r i l i z e d  seeds were asep t ica l  ly t r a n s fe r r e d  t o  
w a te r  agar  (1# w /v )  p l a t e s  and in cuba ted  a t  20 °C under  l i g h t s .  
When the  ra d ic l e s  were approx imate ly  a cen t im e t re  long the  seed I ings 
were c a r e f u l l y  planted in the p re - inocu Ia ted  s o i l .
c) Pre -ge rm ina t ion  on peat
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The s u r f a c e - s t e r i l i z e d  seeds were sown o n to  u n s t e r i l i z e d ,  
moistened I r i s h  sphagnum moss peat in propagat ion t ray s .  The t r a y s  
were k e p t  in g lasshou se  c o n d i t i o n s  (4.7) and covered  by b la c k  
polythene u n t i l  50$ ge rm in a t io n  had o c c u r re d .  The s e e d l i n g s  were 
grown f o r  6 -8  weeks in t h e  g lasshou se  p r i o r  t o  p l a n t i n g  in  p r e -  
i nocuIated so i I .
4.6 Bioassay systems
4.6.1 Assessment q±  sjnaJJ con ta iners
Four types o f  con ta ine r  were used; Kopparfors (a m ou ld ed -p la s t i c  
u n i t  c o n t a i n i n g  a number o f  i n d i v i d u a l  ce l  I s ) ,  P la n tp a k  u n i t s  ( s m a l I  
i n d i v i d u a l  m o u l d e d - p l a s t i c  p o t s ) ,  AP B locks  ( p o l y s t y r e n e  b l o c k s  
con ta in ing  in d iv id u a l  c e l l s )  and peat-pots .  These are descr ibed more 
f u l l y  i n Tab I e 4.5.
Table 4.5 D e sc r ip t ion  o f  exper imenta l  con ta iners
Contai ner Top diarn Height 
(mm) (mm)
Mater i a I Supp I ie r
Kopparfors 32 80 high dens i ty Pulp and Paper Co.,
po lye thy Iene Kopparfor AB,
Ockelbo, Sweden.
AP Blocks 37 45 po lys ty rene Acce lerated Propagat ion L t d . ,
foam Vines Cross, H e a th f i e ld ,
Sussex.
PIantpak 45 45 po lys ty rene Plantpak ( P la s t i c s )  L t d . ,
u n i t s Mundon, Nr Mai don, Essex.
Peat pots 30 40 compressed Er in  Market ing L t d . ,
I r i s h  moss 34, Bancro f t ,
peat w i th H i t c h in ,
wood f i b r e * Hert fo rdsh i re .
Leach 40 200 high dens i ty Po ly-Cast  P l a s t i c s ,
(Cone ta iner ) po lyethy Iene Route 2,  Box 706, Beaverton,
tubes Oregon, 97005, U.S.A.
impregnated w i th  Phostrogen
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The c o n t a i n e r s  were f  i I led w i t h  s t e a m - t r e a te d  soi  I (4 .3 .2) f rom 
I r o n h i I  I n u r s e r y  (Tab le  4 .2) ,  o r  a 1:1 s t e a m - t r e a t e d  m i x t u r e  o f  s o i  I 
and I r i s h  sphagnum moss pea t .  T h is  pea t  was added t o  im prove  th e  
t e x t u r e  o f  t h e  sandy n u r s e r y  s o i l .  The s o i l  in th e  c o n t a i n e r s  was 
inocu la ted  w i th  f i l t e r  paper ca r ry ing  mycelium of £_ t e r r e s t r i s  (R67) 
grown by th e  broken g la s s  c u l t u r i n g  t e c h n iq u e  (4 .2 .1 ) .  U n in o c u la t e d  
c o n t r o l s  were se t  up by in t roduc ing  f i l t e r  papers w i th  no inoculum in to  
t h e  s o i l .
The c o n t a i n e r s  were p l a n te d  w i t h  S i t k a  spruce  by t h e  d i r e c t  
seed ing  method (4 .5 .2 ) ,  and m a in ta in e d  in  a g ro w th  c a b i n e t  a t  25 °C 
w i th  an extended (18 hour) day length.
4.6.2 Pot exper iment  1
P l a s t i c  p o ts  15.5cm h igh  and 18.0cm in d ia m e te r  a t  t h e  r i m  were 
f i l l e d  w i t h  s o i l  f u m ig a te d  w i t h  dazomet (4.3 .2).  One p o r t i o n  o f  t h e  
nursery s o i l  used was f e r t i l i z e d  t o  prov ide a f e r t i l i t y  level  t y p i c a l  
o f  nursery seed-beds. K i e s e r i t e  (29$ MgO) was added a t  a r a te  o f  20 g 
m"2 , po tass ic  superphosphate (20$ K20, 20$ P2O5) a+ 65 g m” 2 and s in g le  
superphosphate (19% P2O5) a+ 40 S Nitrogen was not added as the re
is evidence t h a t  high n i t rogen  leve ls  reduce mycorrh izal  ro o t  fo rm a t io n  
(see S e c t i o n  1.5).
The s o i l s  were i n o c u la te d  by m ix in g  80ml o f  r i n s e d  and d r a in e d  
p e a t - v e r m ic u I i t e  c u l t u r e  inoculum (grown in K i l n e r  ja r s )  i n to  the top 
5cm o f  t h e  s o i l .  U n in o c u la te d  c o n t r o l s  were s e t  up u s ing  t h e  PVD 
m ix tu re  (4.2.3). Each pot was p lan ted w i th  5 seed l ings p re -germinated 
on w a te r  agar  p l a t e s  (4 .5 .2 ) .
4.6.3 Best .experiment. 2.
S i m i I a r  p o ts  t o  t h o s e  used p r e v i o u s l y  (4.6.2) were f i l  led w i t h  
u n f e r t i l i z e d  s o i l s  fumigated w i th  dazomet (4.3.2).
The s o i l s  were i n o c u la te d  by m ix in g  50ml o f  r i n s e d  and d r a in e d  
p e a t - v e r m ic u I i t e  c u l t u r e  inoculum (grown in Er lenmeyer f la s k s )  i n t o  the 
top 5cm o f  the  s o i l .  Two uninocu la ted con t ro l  t rea tments  were se t  up 
us ing  th e  PVD and PVM m ix t u r e s  (4 .2 .3 ) .  Each p o t  was p l a n t e d  w i t h  5 
seedl ings p rev io us ly  germinated and grown in peat (4.5.2).
4.6.4 Tubs experiments 1 nmi 2
Leach tubes  (see Tab I e 4.5) were f  i I I ed w i t h  unf e r t  i I i zed so i I s 
fumigated w i th  dazomet (4.3.2) and inocu la ted by mixing about 10ml o f
r i n s e d  and d ra in e d  p e a t - v e r m i c u I  i t e  c u l t u r e  inocu lum  (grown in 
Erlenmeyer f la s k s )  in to  the top 5cm of  s o i l .  One un inocu la ted con t ro l  
(PVD) was used in Tube exper iment 1, whereas two d i f f e r e n t  un inocu la ted 
c o n t r o l s  (PVD and PVM) (4.2 .3)  were used in Tube e x p e r im e n t  2. Each 
tube was planted w i th  one seed l ing  p rev ious ly  germinated and grown in 
pea t  (4 .5 .2 ) .
4.7 Growth conditions and randomized Iayout
A l l  th e  po t  and tu b e  b ioassays  were made in  a g la s s h o u s e  a t  
temperatures between 15 and 25 °C. The day length in the  glasshouse was 
ex tended us ing  t u n g s te n  lamps g i v i n g  l i g h t  l e v e l s  o f  a p p r o x i m a t e l y  
5000 lux.
The bioassays were la id  out in comple te ly  randomized design t o  
e l i m i n a t e  b ia s  due t o  zonal  d i f f e r e n c e s  in lo c a l  e n v i r o n m e n t a l  
c o n d i t io n s .
4.8 Growth ana 1yses
The bioassays were designed t o  assess changes in p la n t  growth due 
t o  the presence of  s p e c i f i c  mycorrh iza l  fung i .  P lan t  growth response 
can be evaluated by measuring the changes in var ious growth parameters.
4.8.1 Growth r . f l te analyses
These were made in t h e  second po t  and tube  e x p e r im e n ts .  The 
h e i g h t s  o f  th e  s e e d l i n g  s hoo ts  were measured once eve ry  month a f t e r  
p la n t in g  the  seedl ings in inoculated s o i l .  The i n i t i a l  he igh t  o f  the  
seed l ings was subt rac ted from subsequent measurements.
4.8.2 TotaI  growth ana Iyses
A f t e r  the requ ired per iod o f  growth the seed l ings were harvested 
and var ious  growth parameters measured.
The ro o t  system of  each p la n t  was c a r e f u l l y  r insed under runn ing 
tap -w a te r  t o  remove as much s o i l  deb r is  as poss ib le .  The shoot was c u t  
f rom  t h e  p l a n t  and t h e  r o o t  system shaken in 0.003/? ( v / v )  Tween-80 in 
water f o r  15 minutes on a w r i s t - a c t i o n  shaker,  then r insed  in d i s t i l l e d  
w a te r  and shaken f o r  a f u r t h e r  15 m inu tes  in f r e s h  d i s t i l l e d  w a te r .  
This process removes f i n e  s o i l  p a r t i c l e s  which might  o the rw ise  a f f e c t  
the ro o t  dry weight.
The r o o t  system was checked f o r  m y c o r r h i z a s  under  a d i s s e c t i n g  
microscope (x8 mag.). A few mycor rhizal  sho r t  roo ts  were removed from
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t h e  r o o t  sys tem and mounted in l a c to p h e n o l  c o t t o n  b lue .  These v/ere 
obse rved  under  t h e  l i g h t  m ic roscope  f o r  H a r t i g  ne t  f o r m a t i o n  and 
t y p i c a l  shea th  c h a r a c t e r i s t i c s  (Thomas and Jackson , 1979, 1982a).  
M ic ro s c o p y  i s  e s s e n t i a l  f o r  r e c o g n i z i n g  S i t k a  sp ruce  m y c o r r h i z a s  
(L e v is o h n ,  1965).  The p r o p o r t i o n  o f  m y c o r r h i z a s  p r e s e n t  on t h e  r o o t  
system was est imated by dete rmin ing  the percentage o f  mycorrh iza l  s ho r t  
roo ts  in a sample of  100 s h o r t  roo ts  counted a t  random.
The ro o t  length was measured from the cu t  end a t  the stem base t o
the  t i p  o f  the second longest r o o t ,  t h i s  avoids d iscrepanc ies  where the  
length o f  the longest  r o o t  is exaggerated ( Ingestad, 1959). The shoot 
le n g th  ( i n c l u d i n g  t h e  stem) and t h e  stem le n g th  were measured. The 
stem diamete r  was measured using a micrometer gauge, and the number of  
f i r s t  order  branches on the shoot system were counted.
To es t im a te  biomass product ion the shoots and roo ts  were d r ied  in
a c o n v e c t i o n  oven a t  80 °C f o r  24 hou rs ,  and then  t h e i r  d ry  w e ig h t s
measured. These dry ing  con d i t io n s  are recommended f o r  the p repa ra t ion  
o f  p la n t  m ate r ia l  f o r  mineral  analyses (Cosimini and Tal ibudeen,  1978). 
The d ry  w e ig h t  v a lu e s  were used t o  c a l c u l a t e  t o t a l  d ry  w e ig h t  and 
s h o o t - r o o t  r a t i o  v a lu e s  f o r  each s e e d l i n g .  The d r i e d  s h o o ts  were 
re ta ined  f o r  mineral  analyses.
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Chapter 1  Laboratory analyses
5.1 Mineral analysis o±  a±ao± tissue
The e x t r a c t i o n  and a n a l y t i c a l  p rocedu res  used in  t h i s  p r o j e c t  
were mod if ied  f rom methods descr ibed by Cosimini  and Tal ibudeen (1978). 
A l l  chemica ls  used were BDH AnalaR unless s ta ted o therw ise .
5.1.1 P repara t ion  q± eq.Uipfngnf
I t  is  im por tan t  t h a t  a l l  g lassware and o ther  equipment used f o r  
mineral  analyses are s c r u p u l o u s l y  c le a n  t o  reduce i o n - c o n t a m i n a t i o n  
( A l l e n  e t  .§1 ., 1 976).  Wherever p o s s i b I e  p I a s t i c  and g I a s s w a r e ,  and 
washab le  u t e n s i l s  were f i r s t  soaked in Decon 90 (2 f )  f o r  24 hou rs ,  
r insed  and soaked in d i s t i l l e d  water  f o r  24 hours, soaked in d i l u t e  HCI 
(1N) f o r  24 hou rs ,  then  r i n s e d  and soaked in d i s t i l l e d  w a te r  f o r  a 
f i n a l  24 hours. The washed equipment was d r ied  a t  a low heat.
5.1.2 Prepara t ion  q±  p la n t  t i s s u e
The p r e v i o u s l y  d r i e d  s e e d l i n g  shoo ts  (4.8.2) f rom  t h e  p o t  
e x p e r im e n ts  (4.6.2 and 4.6.3) were used f o r  shoo t  m in e r a l  a n a ly s e s .  
Lea f  m a t e r i a l  is  g e n e r a l l y  used f o r  shoo t  m in e ra l  a n a ly s e s  ( S m i t h ,  
1962). There fore the needles were removed from the whole shoot system, 
ground f i n e l y  in a G Ie n c re s to n  m i l l  and s to re d  in c le a n  g l a s s  v i a l s  
w i th  a i r t i g h t  caps u n t i l  f u r t h e r  use.
5.1.3 A u to a n a ly t i c a l  de te rm ina t ion
Due t o  the  large number o f  samples t o  be tes ted  i t  was decided t o  
assay t h e  samples by a u t o a n a l y s i s .  A V i t a t r o n  a u t o a n a l y s e r  and 
c o lo r im e te r  were used f o r  t h i s  purpose.
The r e q u i r e d  s e t  o f  m a n i f o l d  t u b i n g  f o r  t h e  m in e r a l  t o  be 
analysed was arranged on the man ifo ld  c a r r i e r s  (see Figs.  fj.1 and 5.2), 
and t h i s  was c l ipped  in to  place on the  p e r i s t a l t i c  pump. The m an i fo ld  
t u b e s  were connec ted  t o  t h e  a p p r o p r i a t e  r e a g e n ts ,  h e a t i n g  ba th  and 
c o l o r i m e t e r  by t r a n s m i s s i o n  t u b i n g .  The appa ra tus  was checked f o r  
leaks  and a l l o w e d  t o  e q u i l i b r a t e .  F u l l  s c a l e  d e f l e c t i o n  on t h e  
c o l o r i m e t e r  c h a r t  r e c o r d e r  was s e t  us ing  a sampled to p  s ta n d a r d .  A 
f u l l  s ta n d a rd  range was sampled a t  th e  b e g in n in g  and end o f  t h e  
a n a l y s i s .  A m id - ra n g e  s ta n d a rd  was in c lu d e d  a f t e r  ev e ry  10 t e s t  
samples, and a reduced standard range a f t e r  every 50 t e s t  samples. The 
r e s u l t s  from t hese standards we r e used t o  determine the v a r i a t i on in 
VTandLrc* soi u t io n  u f^n*R iches t  conc^nTraf ion" i n’ ranac^SGlectbb.'  '
the  c o l o r i m e t r i c  readings dur ing the  t o ta l  per iod o f  ana lys is .
5.1.4 Dete rm ina t ion  q±  t o t a l  n i t rogen  
E x t ra c t io n
Nitrogen in the  p la n t  t i s s u e  was ex t rac ted  by the  K je ldah l  method. 
The p r i n c i p l e  o f  t h e  method i s  t h a t  n i t r o g e n o u s  compounds in  t h e  
presence of  b o i l i n g  concentra ted s u lp h u r ic  acid and a copper c a t a l y s t  
are converted t o  ammonium sulphate.  The concen t ra t ion  o f  the r e s u l t i n g  
ammonium ions can be determined c o l o r i m e t r i c a l l y .  Sodium su lphate  is 
added t o  t h e  r e a c t i o n  m i x t u r e  t o  r a i s e  th e  bo i  I i ng p o i n t  o f  t h e  a c i d ,  
and consequent ly shortens the  rea c t io n  t ime.
Reagents
1. Concentrated H2SO4 (sg 1.84)
2. BDH copper K je ldah l  c a t a l y s t  t a b l e t s  (each t a b l e t  con ta ins  1g Na2S04 
and 0.1 g CUSO4 .5H2O)
Pr<?cedure
The samples were d r ied  f o r  a t  leas t  4 hours a t  80 °C, then s tored 
in  a d e s i c c a t o r .  About  O.lg o f  sample was a c c u r a t e l y  we ighed i n t o  a 
ta red  m ic ro -K je laah I  f l a s k  (50ml). A c a t a l y s t  t a b l e t  was added t o  the  
f la s k .  A 2ml a l i q u o t  of  concentrated H2S04 was p ip e t te d  c a r e f u l l y  i n t o  
t h e  f l a s k .  The f l a s k s  were p laced  on a d i g e s t  b lo c k  in  a fume 
cupboard. The m ix tu re  was heated gen t l y  u n t i l  f r o t h i n g  had subsided, 
then  t h e  hea t  was r a i s e d  t o  b o i l  t h e  c o n t e n t s  v i g o r o u s l y  u n t i l  t h e  
m i x t u r e  had t u r n e d  a c l e a r  g reen .  T h i s  l i q u i d  was s immered f o r  a 
f u r t h e r  90 m in u te s ,  then  t h e  f l a s k s  were taken  o f f  t h e  b l o c k  and 
al lowed t o  coo l .  About 8m I o f  deion ized (Mi I I i p o r e - f i I t e r e d )  wa te r  was 
added s lo w ly  w i th  mix ing t o  prevent fo rm at ion  o f  c r y s ta l s .  When the  
s o l u t i o n  had reached room te m p e r a tu r e  i t  was d i l u t e d  t o  25ml in  a 
v o lu m e t r i c  f l a s k  w i th  deionized water.  The K je ldah l  f l a s k  was r insed  
and these washings used t o  make the s o lu t i o n  up t o  volume. The d i l u t e d  
so I u t  i on was f  i I t e r e d  th ro u g h  a 9.0cm Whetman No. 1 f  i I t e r  pape r ,  t h e  
f i r s t  10 drops o f  f i l t r a t e  were discarded and the r e s t  c o l l e c t e d  in a 
60ml p o l y th e n e  b o t t l e .  A b la n k  and a s ta n d a rd  (one named sam p le )  
e x t r a c t  were made w i th  each run on the d iges t  block.  The e x t r a c t s  were 
s tored a t  4 °C u n t i l  requ i red  f o r  n i t rogen  de te rm ina t ion .
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Assay
An eutomated c o l o r i m e t r i c  method was employed using the  p r i n c i p l e  
t h a t  when ammonia is  presen t an indophenol b lue co lou r  is  produced in 
t h e  presence o f  a l k a l i n e  phenate  and sod ium h y p o c h l o r i t e  ( R u s s e l l ,
1944; Var ley,  1966).
Reagents
1. Sodium h y d r o x id e :  540g NaOH p e l l e t s  were d i s s o l v e d  in 600m| 
deionized water,  cooled and made up t o  1000ml.
2. L i qu i d pheno I .
3. A l k a l i n e  phenate :  p repa red  f r e s h  f o r  each run as 472ml r e a g e n t ( 2 ) ,  
500rnl reagent ( 1) and 1028ml deionized water.
4. Sodium h y p o c h l o r i t e :  a 50$ v / v  d i l u t i o n  o f  NaOCI (GPR, 10-14$ 
a v a i la b le  c h lo r in e )  in deion ized water.
5.  B u f f e r  s o l u t i o n :  40g NaOH p e l l e t s ,  100g s o d iu m  c i t r a t e  
(Na3C6H507. 2H20) and 300g sodium t a r t r a t e  ([CHOH.COONaH2.2H2O) were 
weighed out  and d isso lved  in deionized water,  then made up t o  2000ml 
and stored in a p l a s t i c  conta iner .
6. N i t rogen standards:  ammonium su lphate  was d r ied  a t  105 °C f o r  1 hour 
and s to re d  it. d e s i c c a t o r  ove r  s i l i c a  g e l .  For a 1000fjg m l -  ^
n i t r o g e n  s ta n d a r d ,  4.7162g (NH^)2S04 were d i s s o l v e d  in d e i o n i z e j  
w a te r  and made up t o  1000ml.  From t h i s  s t o c k  s ta n d a rd  s o l u t i o n  a 
range o f  n i t r o g e n  s ta n d a rd s  was p repa red  us ing  b la n k  e x t r a c t  
s o l u t i o n  t o  i n c lu d e  0,  25,  50, 100 and 125pg m l ”  ^ o f  n i t r o g e n .  (The 
blank e x t ra c t  s o lu t i o n s  used f o r  the  p repara t ion  o f  standards were 
b I ank d i g e s t s  t h a t  had n o t  been f u l l y  d i I u t e d ,  t h e r e b y  a I Iow i ng 
a d d i t io n  of  standard s o lu t i o n  before making up t o  volume (25ml).
Procedure.
The samples and s ta n d a r d s  were assayed by t h e  a u t o a n a I y t i c a I  
techn ique p rev ious ly  descr ibed (5.1 .3)  us ing  m a n i f o l d  1 ( F ig .  5.1) and 
a 620nm f i I t e r .
5.1.5 Dete rm ina t ion  o f  t o t a I  phosphorus 
Extraction
Phosphorus was ex t rac ted  by a dry-ash ing method. The p r i n c i p l e  
o f  t.h i s method i s  t h a t  o r g a n i c  m a t e r i a l  is  d e s t ro y e d  by h e a t ,  t h e  
inorgan ic  ions in the  res idue are taken up in h y d roch lo r ic  acid.
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Reagents
1. HCI ( 6N): C o n c e n t ra te d  HCI (sg 1.8) was d i l u t e d  1 in 2 w i t h  
deion ized water  (g ives approx imate ly  6N HCI).
2. HCI (0.6N): reagent (1) was d i l u t e d  1 in 10 w i th  de ionized water.  
Procedure (d ry -a s h in g )
The samples were d r ied  f o r  a t  leas t  4 hours a t  80 °C, then s tored
in a d e s i c c a t o r .  About  0.2g o f  sample was a c c u r a t e l y  we ighed i n t o  a
tared po rce la in  c r u c ib l e  (25ml). The c ru c ib le s  were t ra n s fe r r e d  t o  a 
cold muff  I e- fu rnace .  The muff  I e - fu rnace was al lowed t o  reach 450 °C, 
and then  m a in ta in e d  a t  t h i s  t e m p e r a tu r e  f o r  3 hours .  The c r u c i b l e s  
were removed from the furnace w h i le  s t i l l  hot ,  and covered w i th  c lo s e -  
f i t t i n g  wa tchg I  asses. The samples were a l l o w e d  t o  c o o l .  (The d r y -  
ash ing  p rocedu re  ta k e s  lo n g e r  a t  450 °C than  a t  h i g h e r  t e m p e r a t u r e s  
s o m e t im e s  rec o m m e n d e d ,  b u t  l e s s  p h o s p h o r u s  i s  l o s t  a t  t h i s  
tem pera tu re . )
Procedure (acid d iges t ion )
A 0.5ml a l i q u o t  o f  d e i o n i z e d  w a te r  and 2.5ml o f  6 N HCI were 
c a r e f u l l y  added t o  each sample ,  w i t h  th e  w a tc h g la s s e s  moved o n l y  
s l i g h t l y  t o  p re v e n t  any loss  f rom  e f fe r v e s c e n c e .  The samples  were 
digested f o r  30 minutes on a water bath a t  100 °C. Th is  apparatus was 
se t  up in a fume cupboard. The underside of  each watchg I ass was r insed  
w i t h  a s m a l l  vo lume o f  d e i o n i z e d  w a te r  i n t o  t h e  c r u c i b l e  and then  
removed. The c o n t e n t s  o f  t h e  c r u c i b l e s  were evapo ra ted  t o  d ry n e s s .  
The w a tc h g la s s e s  were r e p la c e d ,  0.5ml o f  0.6N HCI was added t o  each 
sample ,  and t h e  m i x t u r e  a l l o w e d  t o  d i g e s t  f o r  15 m in u te s .  The 
c r u c i b l e s  were taken  o f f  t h e  w a te r  ba th  and a l l o w e d  t o  c o o l .  The 
watchglasses were again r insed  w i th  deionized water i n to  the  c r u c ib le s .  
Each d iges t  was poured i n to  a 50ml v o lu m e t r i c  f l a s k ,  the  c r u c ib l e s  were 
r insed and the  washings added t o  the  f la s k s .  The d iges ts  were made up 
t o  volume and f i l t e r e d  through 11.0cni Whatman No.42 f i l t e r  papers. The 
f i r s t  15 drops of  the f i l t r a t e s  were discarded and th e  r e s t  c o l l e c t e d  
in 60ml polythene b o t t l e s .  A blank and a standard (one named sample) 
e x t r a c t  were made w i th  each run in the  muff  I e- fu rnace.  The e x t r a c t s  
were stored a t  4 °C u n t i l  requ i red  f o r  ion de te rm ina t ion .
Assay
An automated c o l o r i m e t r i c  method was employed using the  p r i n c i p l e  
t h a t  phosphomolybdic ac id  forms a blue co lour  complex when reduced w i th  
a s c o r b i c  acid.
5 2
Re.aggjits
1. Ammonium molybdate:  150ml concentrated H2SO4 were added c a u t io u s ly  
t o  about 500ml of  de ionized water ,  mixed and a l lowed t o  coo l .  Then 
1 Og ( ^ 4 ) ^ 07024.4 ^ 0  were d i s s o l v e d  in warm d e io n i z e d  w a te r  and 
added t o  t h e  a c id  in  a 1000ml v o l u m e t r i c  f l a s k .  When coo l  t h e  
s o l u t i o n  was made up t o  volume.
2. Ascorb ic  ac id :  a 1$ (w/v) s o lu t i o n  o f  the sodium s a l t  of  L -asco rb ic  
ac id (Sigma) was f r e s h ly  prepared f o r  each run.
3. Phosphorus standards:  potassium dihydrogen phosphate was d r ied  a t  
105 °C f o r  1 hour and s tored in a des icca to r  over s i l i c a  ge l .  For a 
1000fjg m l ” 1 phosphorus s ta n d a rd  4.392g KH2PO4 were d i s s o l v e d  in 
deion ized water and made up t o  1000ml. This s o lu t i o n  was s tored in 
a p o l y th e n e  b o t t l e .  From t h i s  s to c k  s ta n d a rd  s o l u t i o n  a range o f  
phosphorus standards were prepared using deionized water t o  inc lude 
0,  2,  5,  10, 30, 50, 75 and 100jug m l ” 1 phosphorus.
Procedure
The samples and s ta n d a rd s  were assayed by t h e  a u t o a n a I y t i c a  I 
techn ique p rev ious ly  descr ibed (5 .1 .3) us in g  m a n i f o l d  2 ( F ig .  5.2) and 
a 660nm f i l t e r .
5.1.6 De te rm ina t ion  q±  t o t a l  potassium 
E x t r a c t i o n
The dry-ash ing and ac id  d ig e s t io n  procedures descr ibed p re v io u s ly  
(5.1 .5)  a l s o  e x t r a c t  t o t a l  p o ta s s iu m ,  t h e r e f o r e  thes e  same e x t r a c t s  
were used f o r  potassium ana lys is .
Assay
P o t a s s i u m  l e v e l s  w e re  d e t e r m i n e d  by a t o m i c  a b s o r p t i o n  
s p e c t r o p h o to m e t r y .  As t h i s  method r e q u i r e s  l i t t l e  p r e p a r a t i o n  t h e  
s p e c t r o p h o to m e t e r  was no t  connected  t o  an a u t o a n a l y s e r  sys tem.  The 
de te rm ina t ions  were made on an I n s t r u m e n t a l  L a b o r a to r y  aa /ae  a t o m ic  
absorp t ion  spectrophotometer (357), w i th  a potassium f i l t e r  (bandwidth
0.3,  w a ve le ng th  404.4nm). I t  was c o n s id e r e d  unnecessary  t o  p r e t r e a t  
the  samples w i th  l i t h i u m  c h lo r id e .  Th is  is sometimes done t o  reduce 
io n iz a t i o n  of  potassium in the a c e t y le n e - a i r  f lame. The p repa ra t ion  o f  
a s ta n d a rd  c u rv e  was unnecessary  as t h e  i n s t r u m e n t  gave a d i r e c t  
potassium concen t ra t ion  reading by comparing the t e s t  sample a g a in s t  a 
commerc ia l l y -p repared potassium standard s o lu t i o n  (BDH).
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5.2 Sol I analysis
A n a l y t i c a l  methods d e s c r ib e d  by Co s im in i  and Tal ibudeen (1978) 
and Black (1965) were se lec ted and adapted fo r  the va r ious  e x t r a c t i o n  
and a n a l y t i c a l  procedures requ i red .  These methods were se lec ted  on the  
basis o f  t h e i r  s u i t a b i I i t y  t o  a wide range of  s o i l s .  As f o r  the  p la n t  
analyses, a l l  equipment was thorough ly  cleaned (5.1.1).
5.2.1 Prepara t ion  q± so?  I
The samples were taken from the  s o i l s  used in the  bioassays a f t e r  
the dazomet t rea tm en t  ana p h y t o t o x i c i t y  t e s t s  had been completed. The 
samples were a i r - d r i e d ,  then  s to re d  in sea led  paper  bags. P r i o r  t o  
a n a l y s i s ,  t h e  s o i l s  were ground in a p e s t l e  and m o r t a r  and s ie v e d  
through a 2mm mesh sieve.
5.2.2 Avai lab le ammonium-ni t rogen
Exchangeable  ammonium is  d e f in e d  as t h a t  removed by a c i d i f i e d  
2.0N KCI a t  room temperature (Bremner, 1965).
JExtDactifiQ
Reagents
1. Po tass ium  c h l o r i d e  (2N): 149.12g KCI were d i s s o l v e d  in  d e io n i z e d
wate r ,  0.9ml concentra ted HCI was added and the s o l u t i o n  was mixed 
and made up t o  1000ml.
Procedure
A 25g sample of  s ieved s o i l  was placed in to  a 200ml Duran b o t t l e ,  
and 50ml o f  e x t r a c ta n t  added. The carbon d iox ide  evolved was a l lowed 
t o  s ubs ide .  The b o t t l e  was s toppe red  and shaken f o r  2 hou rs  on an 
o r b i t a l  shaker a t  120 s t rokes  per minute.  The con tents  o f  the b o t t l e  
were then s w i l l e d  onto  a Whatman No.1 f i l t e r  paper, the  f i r s t  few ml o f  
f  i I t r a t e  t o  emerge were r e j e c t e d ,  t h e  r e s t  were co I I ec ted  in  a P y rex  
g lass  b o t t l e  and analysed the  same day. The f i l t r a t e s  were assayed by 
a manual c o l o r i m e t r i c  method adapted f rom  th e  au tomated  method f o r  
ammonium de te rm ina t ion  descr ibed in Sect ion 5.1.4.
Assay
Reggents
1. Sodium hydroxide: 50g NaOH p e l l e t s  were d isso lved in de ion ized water  
and made up t o  100ml when cool .
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2. A l k a l i n e  phenate: t h i s  was f r e s h ly  prepared by adding 47.2ml l i q u i d  
phenol t o  100ml reagent (1). Th is  s o lu t i o n  was mixed and made up t o  
200ml when cool .
3. Sodium hy p o c h lo r i te :  a 50$ s o lu t i o n  was made up as before.
4. B u f fe r :  t h i s  s o lu t i o n  was made up in the same p ropo r t ions  as before .
5. N i t r o g e n  s ta n d a r d s :  u s in g  t h e  same 1000|ug ml~1 n i t r o g e n  s t o c k  
s o l u t i o n  as b e f o r e ;  0 , 1 , 2 and 5pg m l~1 n i t r o g e n  s ta n d a rd s  were 
prepared using KCI e x t ra c ta n t .
Procedure
A 1.2ml a l i q u o t  o f  sample or  standard s o lu t i o n  was p ip e t te d  in to  
a t e s t - t u b e  toge the r  w i th  1.2ml b u f f e r ,  2.9ml phenate and 1.6ml sodium 
h y p o c h lo r i te ,  and the  contents  mixed thorough ly .  The tubes were placed 
on a w a te r  ba th  a t  65 °C f o r  5 m in u te s .  The c o n t e n t s  were reshaken  
p r i o r  t o  r e a d in g  t h e  absorbance o f  t h e  s o l u t i o n  a t  625nm on a Pye-  
Unicam SP6 spectrophotometer .
Some s o i l  e x t r a c t s  had ammonium l e v e l s  above th o s e  o f  t h e  
s ta n d a rd s .  The assay method was repea ted  f o r  th e s e  s o i l s  us in g  
s u i t a b l y  d i l u t e d  e x t ra c ts .
5.2.3 AyaULafalg piig-Spiig-jiii-S.
T h e r e  a r e  a v a r i e t y  o f  c h e m i c a l  m e th ods  f o r  e x t r a c t i n g  
' a v a i l a b l e 1 phosphorus f rom  s o i l  (Olsen and Dean, 1965),  b u t  t h e  
i n t e r p r e t a t i o n  o f  t h e s e  indexes o f  phosphorus a v a i l a b i l i t y  a re  
a r b i t r a r y .  The most w ide ly  used e x t r a c t i o n  method is  t h a t  o f  Olsen £ t  
a I . (1954).  An a l k a l i n e  b i c a r b o n a t e  s o l u t i o n  can reduce  t h e  s o i l  
s o lu t i o n  concen t ra t ion  o f  a luminium and f e r r i c  ions by p r e c i p i t a t i n g  
them as h y d r o x id e s ,  and o f  c a l c i u m  ions by p r e c i p i t a t i o n  as c a l c i u m  
carbonate.  The phosphate ion concen t ra t ion  is subsequent ly increased 
and t h i s  is equ iva len t  t o  the  exchangeable phosphate. Th is  phosphate 
t o g e t h e r  w i t h  t h a t  a l r e a d y  p r e s e n t  in  s o i l  s o l u t i o n  c o n s t i t u t e s  t h e  
level  o f  a v a i la b le  phosphate in t h a t  s o i l .
E x t ra c t io n
The c o l o r a t i o n  produced by t h i s  method f rom  d i s s o l v e d  o r g a n i c  
m a t t e r  in s o i l s  r i c h  in humus can be removed by t r e a t i n g  t h e  e x t r a c t  
w i th  ac t iva ted  charcoal  dur ing the  shaking process or  a f t e r  f i l t r a t i o n .  
The a v a i la b le  phosphorus is def ined by the method of  e x t r a c t i o n  because
■ ' f h ^ i k a m b u b e p o n ' o ' c r i t * '  on i
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Reagents
1. Sodium b i c a r b o n a t e  (0.5M):  42g NaHCO^ were d i s s o l v e d  in  800ml 
d e io n i z e d  w a te r .  The pH was a d ju s te d  t o  8.5 w i t h  10$ NaOH u s in g  a 
labo ra to ry  pH meter,  and the  s o lu t i o n  was d i l u t e d  t o  1000ml.
2. Ac t iva ted  charcoal (Eastmanfs dec o lo r iz in g  carbon)
Procedure
A 5g sample o f  s ieved s o i l  was weighed in to  a 250ml Duran b o t t l e .  
A teaspoon of  charcoal  and 100ml o f  e x t ra c ta n t  were added. The b o t t l e s  
were shaken on an o r b i t a l  shake r  f o r  30 m in u te s  a t  25 °C and 120 
s t r o k e s  per  m in u te .  The e x t r a c t  s l u r r y  was f i l t e r e d  t h ro u g h  a d r y  
Whatman No.1 f i l t e r  paper  and t h e  f i r s t  5 - 1 0m| o f  f i l t r a t e  were 
d i s c a rd e d .  The f i l t r a t e s  f rom  some s o i I s  ( n o t a b l y  t h e  f o r e s t  s o i I s )  
had a brown c o lo r a t i o n ,  and t h i s  was removed by adding 3 teaspoons of  
charcoal t o  the f i l t r a t e ,  m ix ing and r e f i l t e r i n g .
Assay
The phosphate  in t h e  Olsen e x t r a c t s  was d e te r m in e d  by a 
phosphomolybdenum blue c o l o r i m e t r i c  method (Olsen and Dean, 1965). The 
ammonium molybdate was a c i d i f i e d  in order  t o  coun te rac t  the  a l k a l i n i t y  
of  the e x t ra c t .
Reagents
1. Ammonium molybdate:  15g o f  (NH4)6Mo7024.4H20 were d isso lved  in 300ml 
o f  warm d e io n i z e d  w a te r .  The s o l u t i o n  was a l l o w e d  t o  c o o l ,  then  
342ml o f  concentrated HCI were g radu a l l y  mixed in. The s o l u t i o n  was 
d i l u t e d  t o  1000ml when coo l .
2. Stannous c h l o r i d e :  1Og o f  SnCl2 «2H20 were d i s s o l v e d  in  25ml o f  
concentrated HCI.
3. D i I u te  s tannous  ch I o r  i de: 0.5m I o f  r e a g e n t  (2) was added t o  6 6 ml 
deionized water.  Th is  s o lu t i o n  was f r e s h ly  prepared f o r  each assay 
run.
4. Phosphorus standards:  using the  same 1000pg ml*^ phosphorus s tock 
s o lu t i o n  as before (5.1.5), a 10pg ml~^ phosphorus working  standard 
s o lu t i o n  was prepared.
Procedure
The method o f  Olsen and Dean (1965) was m o d i f i e d  f o r  use on a 
t e s t - t u b e  s c a le .  A 2rnl al i q u o t  o f  sample  was p i p e t t e d  i n t o  a t e s t -  
tube, 2ml of  ammonium molybdate s o lu t i o n  were added c a r e f u l l y  due t o  
e f f e r v e s c e n c e ,  then  5.6ml o f  d e i o n i z e d  w a te r  and 0.4ml o f  d i l u t e  
stannous c h lo r i d e  were added. The assay m ix tu re  was shaken th o ro u g h ly ,
and t h e  absorbance was read a f t e r  10 m inu tes  on a Pye-Unicam SP6 
spectrophotometer se t  a t  660nm. The standard phosphate assay m ix tures  
were prepared by adding 2mI o f  e x t ra c ta n t  and 2mI of  ammonium molybdate 
t o  an a p p r o p r i a t e  vo lume o f  1 Opg ml"^  s tanda rd  phosphorus  s o l u t i o n ,  
then adding s u f f i c i e n t  water  t o  b r ing  the  t o t a l  volume t o  9.6ml p r i o r  
t o  adding the d i l u t e  stannous c h lo r i d e  s o lu t i o n .  The r e s u l t i n g  assay 
s t a n d a r d s  used c o n t a i n e d  0,  0 .1 ,  0 .5 ,  1 .0 ,  2.0 and 5.0/ug m l “  ^
phosphorus.
5.2.4 A v a i la b le  potassium
The exchangeable potassium is t h a t  which is f ree  t o  exchange w i th  
ca t ions  in the s o i l  s o lu t i o n .  When assaying a v a i la b le  potassium i t  must 
be more s p e c i f i c a l l y  d e f i n e d  by t h e  e x t r a c t i n g  f l u i d  used, as t h e  
amount o f  po tass ium  exchanged w i l l  depend on t h e  n a tu r e  o f  t h e  
e x t r a c t a n t  (P ra t t ,  1965).
Extraction
The method i s  s i m i l a r  in pr i nc i  pI e t o  t h a t  used f o r  de te rm  in i ng 
th e  c a t io n -e x c h a n g e  c a p a c i t y  o f  s o i l s  (5 .2 .7 ) .  Ammonium ions  in  t h e  
e x t r a c t a n t  exchange w i t h  po tass ium  ions on t h e  s o i l  m a t r i x ,  t h e  
potassium ion concen t ra t ion  in the e x t r a c t  is  then determined.
Reagents
1. Ammonium acetate (1.0N): 77g CH3.COONH4 were d isso lved in de ionized
water,  the pH was ad justed t o  7.0 w i th  d i l u t e  a c e t i c  ac id  or  d i l u t e  
ammonium hydroxide using a labo ra to ry  pH meter,  and the  s o l u t i o n  was 
made up t o  1000ml and s tored in a Pyrex glass b o t t l e .
Procedure
*
A 2.5g sample o f  s ie v e d  so i  I was weighed i n t o  a U n i v e r s a l ,  and 
12.5ml e x t ra c ta n t  were added. The m ix tu re  was shaken f o r  10 minutes on 
a w r i s t - a c t i o n  shake r ,  then  c e n t r i f u g e d  f o r  10-15 m in u te s  a t  4 ,0 0 0 -  
4,500 rprn in a MSE bench c e n t r i f u g e .  The supernatant  was decanted and 
saved. The e x t r a c t i o n  was repea ted  t h r e e  t im e s  more w i t h  t h e  
sedimented s o i l .  The combined supernatants  were d i l u t e d  t o  50ml w i th  
e x t r a c ta n t  and assayed f o r  potassium by f lame photometry.
Assay
Reagents
1. Potassium standards: f o r  a lOOOpg ml-  ^ potassium standard 1.9069g
KCI were d i s s o l v e d  in d e i o n i z e d  w a te r  and made up t o  1000ml.
'I h ' r  
[%Urti .versa I bot'rJ eI, S* - *'
A range o f  standards were prepared w i th  e x t ra c ta n t  t o  inc lude 0, 2, 
4,  6 , 8 , and lOfjg m I .
Procedure
The potassium concen t ra t ion  in the  e x t ra c ts  was determined on an 
EEL f lame photometer w i th  a potassium f i l t e r  and f u l l  sca le  d e f l e c t i o n  
se t  f rom 0 t o  10pg ml“  ^ potassium.
5.2.5 Total  e lemental  ana lys is
The s o i l  ca t ions  were analysed by o p t i c a l  emission spectrography 
using an in d uc t iv e ly -c o up led  plasma o p t i c a l  emission spectrometer .
The s o lu t i o n  t o  be analysed is converted t o  an aerosol  using argon 
as t h e  c a r r i e r  gas, and i n j e c t e d  i n t o  th e  c e n t r e  o f  t h e  p lasma t o r c h .  
The c o m b in a t i o n  o f  r e l a t i v e l y  long re s id e n c e  t i m e  and t h e  h igh  
t e m p e r a tu r e  e n v i r o n m e n t  e x p e r ie n c e d  by th e  sample ensu res  c o m p le te  
v o l a t i l i z a t i o n  and d i s s o c ia t i o n  o f  ana ly te  in to  f ree  atoms and/or  ions. 
The atoms a n d /o r  ions  so produced a re  e x c i t e d  by c o l l i s i o n  ene rgy  
exchange t o  an e l e v a t e d  a t o m ic  o r  i o n i c  s t a t e .  On r e l a x a t i o n ,  
r a d i a t i o n s  c h a r a c t e r i s t i c  o f  each e le m e n t  and t h e i r  i n t e n s i t i e s  
p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  o f  t h e  e lem e n t  in  t h e  sample  a re  
recorded.
This method is  less im por tan t  f o r  s tudy ing s o i l  f e r t i l i t y ,  bu t  may 
be usefu l  in de tec t ing  t o x i c  leve ls  o f  c e r ta in  ions.
Extract, ion
The sieved s o i l s  were d r ied  a t  80 °C f o r  42 hours, then about 0.5g 
o f  s o i l  was a c c u r a t e l y  weighed i n t o  a 25ml p o r c e l a i n  c r u c i b l e .  The 
s o i l s  were d ry -a shed  as d e s c r ib e d  f o r  p l a n t  t i s s u e  (5 .1 .5 ) ,  e x c e p t  
t h a t  t h e  s o i l s  were he ld  a t  500 °C f o r  1 hour .  The c r u c i b l e s  were 
removed f rom th e  ho t  m u f f I  e - f u r n a c e  and covered  w i t h  w a tc h g la s s e s .  
When coo l ,  lOrnl o f  10$ HCI were added t o  each sample and l e f t  o v e rn ig h t  
(15 h o u rs ) .  The samples were t r a n s f e r r e d  t o  25ml v o l u m e t r i c  f l a s k s ,  
t h e  c r u c i b l e s  and w a tc h g la s s e s  were r i n s e d  w i t h  10$ HCI and th e s e  
wash ings  used t o  make t h e  e x t r a c t s  up t o  vo lume.  The sam p les  were  
f i l t e r e d  through 11.0cm Whatman No.42 f i l t e r  papers, the  f i r s t  10 drops 
o f  each f i l t r a t e  were d i s c a rd e d  and t h e  r e s t  c o l l e c t e d  in  a 60ml 
poly thene b o t t l e .  A blank was included throughout  the  procedure.
Assay
These e x t r a c t s  were ana lysed  a t  C.E.R.L. Lea the rhead  on a Bausch
and Lomb ARL 3400 ICP o p t i c a l  e m is s io n  s p e c t r o m e te r  connected  t o  an 
autoana lyser .
5.2.6 uh vaJ u_e
On d r y i n g ,  t h e  pH v a lu e  o f  s o i l  i s  p ro b a b ly  m o d i f i e d .  So t o  
e s t  i mate th e  pH o f  t h e  so i I in equ i I i b r  i urn w i t h  so i I w a te r  t h e  d r i e d  
and m i l l e d  s o i l  is  w e t te d  w i t h  w a te r  o r  o t h e r  s o l u t i o n s  such as 
KCI(0.1 N) or  CaCl2(0*01 ln assay, water was used in a r a t i o  o f
1 p a r t  soi  I t o  2.5 p a r t s  w a te r .
Procedure
About 1Og of  sieved s o i l  were weighed in to  a 100ml Duran b o t t l e ,  
25rnl o f  deionized water were added and the m ix tu re  was s t i r r e d  w i th  a 
g l a s s  rod .  The m i x t u r e  was l e f t  t o  s tand f o r  1 hour ,  s t i r r i n g  once 
a f t e r  30 minutes and again j u s t  before the pH measurement.
An EIL labora tory  pH meter w i th  a spear e lec t rode  was c a l i b r a t e d  
w i t h  s ta n d a rd  pH 4.0 and pH 7.0 b u f f e r s  a t  20 °C. The spear  e l e c t r o d e  
was lowered in to  the p a r t i a l l y - s e t t l e d  s o i l  and the pH was read a f t e r  
30 seconds t o  the nearest  0.1 u n i t .
5.2.7 C a t io n - e x c h a n g e c a p a c i t y  (C.E.C.)
M in e ra l  and o r g a n i c  s o i  I co I  I o i  as c a r r y  n e g a t i v e  ch a rg e s ,  t h e s e  
a t t r a c t  and ho ld  c a t i o n s  a g a in s t  l e a c h in g .  The ions a re  n o t  t i g h t l y  
bound, and hence can be r e a d i l y  exchanged f o r  o t h e r  c a t i o n s .  The 
cat ion-exchange capac i t y  is equal t o  the  q u a n t i t y  o f  c a t io n s  requ i red  
t o  n e u t r a l  ize  th e  n e g a t i v e  charge .  The co l  l o i d s  fo rm  a r e s e r v o i r  o f  
c a t i o n i c  n u t r i e n ts  inc lud ing  H ions. These ca t ions  are in e q u i l i b r i u m  
w i t h  t h o s e  in th e  s o i l  s o l u t i o n .  Hence t h e  C.E.C. d e t e r m in e s  t h e  
p o te n t ia l  s o i l  f e r t i l i t y ,  s o i l  a c i d i t y  and s o i l  b u f f e r i n g  capac i ty .
The ammonium s a t u r a t i o n  method i s  no t  so s u i t a b l e  f o r  h i g h l y  
o r g a n i c  s o i l  o r  v e r m i c u I i t e - c I  ay s o i l  (Chapman, 1965),  . t h e r e f o r e  a 
sod ium s a t u r a t i o n  method was used. In t h i s  method,  e xcha ngea b le  
c a t ion s  are replaced by Na+ ions,  and these exchangeable Na+ ions are 
r e p la c e d  by NH4+ ions .  The c o n c e n t r a t i o n  o f  sodium ions  l e f t  in  
s o lu t i o n  was determined by f lame photometry.
Extraction
Reagents
1. Sodium a c e t a t e  (1 .0 )N: 136g o f  CH3 .GOONa.3 H2O were d i s s o l v e d  in 
deionized water,  and the pH was ad jus ted t o  8.2 w i th  d i l u t e  a c e t i c
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a c id  o r  d i l u t e  sodium h y d r o x id e  us ing  a l a b o r a t o r y  pH m e te r .  The 
s o lu t i o n  was made up t o  1000ml.
2. Ammonium a c e t a t e  (1 .ON); 77.1 g o f  CH3 .COONH4 were d i s s o l v e d  in  
de ionized water,  and the pH was adjusted t o  7.0 w i th  d i l u t e  ammonium 
hydroxide using a labora to ry  pH meter. The s o lu t i o n  was made up t o  
1000ml.
3.  Isopropyl  a lcohol  (Propan-2 -o l )  99$
4. Sodium standard:  f o r  a 1000pg ml”  ^ sodium s o lu t i o n  2.5421g o f  NaCI 
were d isso lved and made up t o  1000ml w i th  ammonium aceta te  (1.0N).
Procedure
A 2.0g sample  o f  s ie v ed  s o i l  was weighed i n t o  a U n i v e r s a l  and 
16.5ml o f  1 .ON sodium aceta te  were added. The Universal  was stoppered 
and shaken on a w r i s t - a c t i o n  shaker  f o r  5 m inu tes .  The m i x t u r e  was 
c e n t r i f u g e d  f o r  10-15 m in u te s  a t  4000-4500 rprn in  an MSE bench 
c e n t r i f u g e .  The supernatant was discarded and the  e x t r a c t i c n  repeated 
th ree  t imes more. The sample was washed in an id e n t i c a l  manner w i t h  3 
x 16.5ml a l i q u o ts  o f  99% isopropyl  a lcoho l .  Using the  same procedure 
th e  adsorbed sodium ions  were r e p la c e d  us ing  3 x 16.5ml al i q u o t s  o f  
1.0M ammonium aceta te ,  but  the  supernatants decanted o f f  each t im e  were 
r e t a i n e d  and th e  combined e x t r a c t s  made up t o  50ml w i t h  ammonium 
aceta te .
Assay.
The c o n c e n t r a t i o n  o f  sod ium was d e te rm in e d  on an EEL f l a m e  
photometer w i th  a sodium f i l t e r .  A range o f  standards were prepared 
w i th  ammonium acetate t o  inc lude 0, 200, 400, 600, 800 and 1000pig ml“  ^
sodium. Fu l l  sca le  d e f le c t i o n  was se t  f rom 0-1000/jg ml*^.  Some sample 
e x t r a c t s  were d i l u t e d  by 1 in 5 w i th  ammonium aceta te  t o  f a l l  w i t h i n  
t h e  s t a n d a r d  s o d iu m  r a n g e .  The r e s u l t s  w e re  e x p r e s s e d  as 
mi I I i e q u iv a le n t s  of  sodium in 100g o f  s o i l .
5.3 Laboratory tests Io n  p»ycorrhi ZQI fungi
5.3.1 Growth ra te  in c u l t u r e
The g ro w th  r a t e s  o f  t h e  m y c o r r h i z a l  fu n g i  were measured on t h e  
basis o f  colony diameter extens ion.  An agar d isc ,  c u t  f rom the  margin 
o f  a colony o f  mycorrh izal  fungus, was a s e p t i c a l l y  placed on the  c e n t re  
of  a MMN-agar p la te .  The p la te s  were incubated a t  20 °C. The i n i t i a l  
d iameter of  the plug was measured along two perpend icu la r  axes. The
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colony growth was measured along the same axes once every 7 days f o r  6 
weeks.
5 .3 .2  Acid phosphatase a c t j y .j,t.y
a) D i r e c t  assay o f  acid phosphatase a c t i v i t y .
The fu n g i  were grown by t h e  broken g la s s  c u l t u r i n g  t e c h n iq u e
(4.2.1) f o r  5 weeks. The fu n g a l  m y c e l i a  were removed f rom  th e  
c u l t u r e  media and assayed f o r  t h e i r  acid phosphatase a c t i v i t y  by the 
method o f  Ho and Zak (1979). The absorbance o f  pa ra -n i t rophenoI  was 
measured a t  405nm on a Beckman model 24 spectrophotometer.
The r e s u l t s  were expressed as m ic ro m o le s  o f  p a ra -n  i t r o p h e n o  I 
I ibera ted per gram dry we igh t  of  mycel iurn per hour a t  35 °C. The pH 
of  the MMN n u t r i e n t  s o lu t i o n  before in ocu la t ion  and a f t e r  ha rves t ing  
the  fungal mycel iurn were recorded.
b) Media f o r  phosphate u t i l i z a t i o n  s tud ie s .
1. Basal medium: t h e  MMN medium was p repa red  as b e f o r e  ( F ig .  4.1) 
e x c e p t  t h a t  0.5g l ”  ^ KH2PO4 was r e p la c e d  by 0.275g l ”  ^ KCI,  and 
0.25g l “ 1 (NH^^HPC^ was replaced by 0.249g 1"^ (NH^^SC^. These 
adjustments were made t o  remove the phosphate w h i l s t  m a in ta in in g  
t h e  p o t a s s i u m  and ammonium ion  c o n c e n t r a t i o n s  a t  l e v e l s  
equ iva len t  t o  those in MMN medium. Fungal growth was found t o  be 
normal in t h i s  basal medium when NaH2P04 (0.668g 1“ ^) was added 
t o  o b t a i n  a phosphate  le v e l  e q u i v a l e n t  t o  t h a t  in  MMN n u t r i e n t  
s o l u t i o n .  Thus t h e  absence o f  phosphate  was assumed t o  be t h e  
on ly  growth l i m i t i n g  f a c t o r  in the  basal medium.
M a lt  e x t r a c t  was found t o  be a source of  so lub le  phosphate. 
The t e s t  fungi  were ab le  t o  grow on complete MMN medium w i t h o u t  
m a l t  e x t r a c t ,  and so the  m a l t  e x t r a c t  was om i t ted  f rom the  basal 
medium.
2. O rga n ic  phosphate  medium: basa l  medium was p re p a re d  and 
autoclaved. When t h i s  had cooled, MiI  I i p o r e - f i I t e r e d  s o l u t i o n s  
o f  o r g a n i c  phosphates were added a s e p t i c a l l y  in t h e  r e q u i r e d  
amounts. This process avoids the  re lease of  or thophosphate ions 
f rom  th e  o r g a n i c  phosphate  s a l t s  wh ich can oc c u r  d u r i n g  t h e  
a u t o c l a v i n g  p rocess  ( A g n i h o t r i ,  1970). The r e s u l t i n g  o r g a n i c  
phosphate media contained 1.755g l “ 1 sodium glycerophosphate or 
1.755g l ” 1 sodium b e ta - g I y c e ro p h o s p h a te .  These c o n c e n t r a t i o n s
ensured a t o t a l  phosphate level  equ iva len t  t o  t h a t  in MMN medium 
exc lud ing  m a l t  e x t ra c t .
3. Mineral  phosphate medium: t h i s  cons is ted o f  complete MMN n u t r i e n t  
s o lu t i o n  w i th o u t  m a l t  e x t ra c t .
The v a r i o u s  m e d ia  a f t e r  p r e p a r a t i o n  and a u t o c l a v i n g  were 
t r a n s f e r r e d  in  2 0 rn I a I i q u o ts  t o  s t e r  i I e 2oz Med i ca I F l a t s .  These 
b o t t l e s  were then  s to p p e re d  and in cuba ted  a t  20 °C f o r  1 week t o  
sc reen  f o r  p o s s i b l e  contarr. i n a t  ion.  The c o n t a m i n a n t - f r e e  c u l t u r e  
media were inoculated w i th  3 agar discs  o f  inoculum per b o t t l e ,  and 
these were incubated a t  20 °C f o r  20 days. The b o t t l e s  were s loped 
d u r i n g  i n c u b a t i o n  f o r  a maximum a i r - s u r f a c e  i n t e r f a c e ,  and were 
shaken f o r  a few seconds once every o ther  day t o  encourage ae ra t ion  
o f  the  medium.
The fungal mycel ia  were f i l t e r e d  on preweighed f i l t e r  papers 
and d r i e d  a t  60 °C f o r  24 hours .  The pH o f  t h e  media  was measured 
before  and a f t e r  the incubat ion per iod using a labo ra to ry  pH meter.  
The o r th o p h o s p h a te  le v e l  in t h e  media a f t e r  i n c u b a t i o n  was 
d e te rm in e d  by t h e  phospho-rnol ybdovanadate c o l o r i m e t r i c  method as 
descr ibed below.
c) Phospho-molybdovanadate c o l o r i m e t r i c  method.
This method is  adapted from Michel son (1957).
Reagents
1 .2 .5 M H C I
2. 0.234$ ammonium m etavanadate  (AR): 0.234g NH4 VO3 was added t o  
50ml of  hot  d i s t  i I led water ,  2.8ml of  concentra ted HCI were added 
and t h i s  m i x t u r e  warmed g e n t l y  t o  d i s s o l v e .  The s o l u t i o n  was 
d i l u t e d  t o  100ml when cool .
3. 3.53$ ammonium molybdate (AR): 3.53g (NH4)6Mo7024.4H20 were added 
t o  hot d i s t i l l e d  water  and warmed t o  d isso lve .  The s o l u t i o n  was 
d i l u t e d  t o  100ml when cool .
4. D i l u t e  assay reagent:  2 pa r ts  o f  molybdate s o lu t i o n  were added t o  
2 p a r t s  o f  2.5M HCI and 1 p a r t  o f  vanada te  s o l u t i o n .  T h i s  
s o lu t i o n  was mixed and d i l u t e d  1 in 25 w i th  d i s t i I  led water .
5. Phosphorus s ta n d a rd :  0.21965g o f  KH2PO4 (AR) was d i s s o l v e d  in  
d i s t i l l e d  w a te r  and d i l u t e d  t o  500ml ( 100pg m l “ 1 pho s p h o ru s ) .  
T h re e  d r o p s  o f  t o l u e n e  w e re  added t o  i n h i b i t  m i c r o b i a l
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c o n t a m in a t i o n .  For t h e  w o rk in g  s ta n d a rd  10ml o f  phosphorus  
standard s o lu t i o n  were d i l u t e d  t o  200ml (5/jg ml” 1 phosphorus). A 
s ta n d a rd  range was p repa red  t o  i n c lu d e  0,  0.1,  0 .5 ,  1.0, 2.0 and 
5.0|jg ml"^ phosphorus.
Procedure
A 2ml a l i q u o t  of  t e s t  or  standard s o lu t i o n  was p ip e t te d  in to  a 
t e s t - t u b e ,  toge the r  w i th  2mI o f  d i l u t e  assay reagent. The contents  
of  the  tube were thorough ly  mixed and the  co lour  a l lowed t o  develop 
f o r  10 minutes. The absorbance was read a t  350nm on a Beckman model 
24 spectrophotometer.
5.4 Assessment of nu trien t contamination in bioassays
5.4.1 D i r e c t  phosphate measurements on PVM leachates
P e a t - v e r m ic u I i t e - M M N  (PVM) and p e a t - v e r m i c u I  i t e - w a t e r  (PVD) 
m i x t u r e s  were p repared  and a u to c la v e d  in  E r le n m e y e r  f l a s k s  as 
p rev io us ly  descr ibed (4.2.3). The contents  o f  one f l a s k  c o n ta in in g  PVM 
m ix tu re  were empt ied in to  a funnel  l ined  w i th  mus l in ,  and r insed  w i th  
500ml o f  d i s t i l l e d  w a te r .  The r e s u l t i n g  f i l t r a t e  was r e f i l t e r e d  
through Whatman No.1 f i l t e r  paper and used f o r  phosphate de te rm ina t io n  
by the  phospho-molybdovanadate c o l o r i m e t r i c  method descr ibed p re v io u s ly
(5.3.2). Th is  r i n s i n g  process was repeated w i th  f u r t h e r  500ml a l i q u o t s  
o f  w a te r  u n t i I  no f u r t h e r  change in phosphate c o n c e n t r a t i o n  c o u ld  be 
detected i n the f  i I t r a t e s .
The process was repeated in an id e n t i c a l  manner using PVD m ix tu re  
t o  d e te r m in e  whe the r  any phosphate  was leached f rom  t h e  p e a t  and 
v e r m i c u I i t e  alone.
5.4.2 Bioassay de te rm ina t ion  r i n s i n g  e f f i c i e n c y
A tube bioassay was set up as descr ibed before (4.6.4T using 10ml 
o f  a d e q u a te ly  r i n s e d  PVM or  PVD c o n t r o l  m i x t u r e  (4.2 .3)  in s i x  
d i f f e r e n t  so i I  s.
5 .4 .3  Phosphate adsorp t ion qr d i f f e r e n t  s o i I s
The s o i l s  used in  5 .4 .2  w e re  a s s a y e d  f o r  t h e i r  p h o s p h a t e  
adsorp t ion  c h a r a c t e r i s t i c s .
Procedure
A 10ml a l i q u o t  of  100pg ml“ 1 phosphorus standard s o l u t i o n  (5.3.2)
was p ipe t ted  in to  each Universal  con ta in ing  5mI of  a i r - d r i e d ,  s ieved 
(2mm) s o i l  sample .  A s e t  o f  c o n t r o l s  was p repa red  w i t h  10ml o f  
d i s t i l l e d  water in place of  phosphate s o lu t i o n .  The s o i l  m ix tu res  were 
s t i r r e d  and l e f t  t o  s tand  f o r  24 hours  a t  room t e m p e r a t u r e .  The 
m ix tu res  were s t i r r e d  once again p r i o r  t o  c e n t r i f u g a t i o n  a t  4000-4500 
rpm f o r  10 minutes in a MSE bench c e n t r i f u g e .
The s u p e rn a ta n ts  were decanted o f f  and r e t a i n e d  f o r  phospha te  
ana lys is  by the phospho-moIybdovanadate method p r e v i o u s l y  d e s c r i b e d
(5 .3 .2 ) ,  and t h e i r  absorbance read a t  350nm on a Pye-Unicam SP6 
spect rophotometer .
The exchangeab le  phosphate  l e v e l s  r e m a in in g  in  t h e  sed im en ted  
s o i l s  were then d e te rm in e d .  Each s o i l  was t r a n s f e r r e d  t o  a Buchner  
f u n n e l , r i  nsed w i t h  s e v e ra l  changes o f  d i s t i I  led w a te r  and f  i I t e r e d  
under pressure.  The s o i l s  were l e f t  t o  a i r - d r y .
The exchangeable phosphate was ex t rac ted  by the Olsen method and 
assayed as p r e v i o u s l y  d e s c r ib e d  (5 .2 .3 ) ,  b u t  us ing  30ml o f  e x t r a c t a n t  
f l u i d .
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RESULTS
Chapter 6 Selection o f  mycorrhizal fungi by bioassay
The s e l e c t i o n  o f  s u i t a b l e  b i o a s s a y  sys tem s  f o r  s c r e e n in g  
m y c o r r h i z a l  f u n g i  depends on a number o f  c o n s i d e r a t i o n s .  N a tu r a l  
e n v i r o n m e n ta l  c o n d i t i o n s  a re  l i k e l y  t o  i n f l u e n c e  t h e  a c t i v i t y  o f  a 
fungus in mycorrh iza l  assoc ia t ion  w i th  a p lan t .  These e f f e c t s  can be 
c r i t i c a l l y  assessed i f  the fungi  are tes ted  in f i e l d  p lo t s  in the  f i n a l  
f o r e s t  s i t e .  However,  f o r  i n i t i a l  s u rveys  where la rg e  numbers o f  
m y c o r r h i z a l  i s o l a t e s  m u s t 'b e  examined,  f i e l d  s t u d i e s  a re  n o r m a l l y  
i m p r a c t i c a l .  T h i s  is  because la rg e  f o r e s t  p l o t s  would have t o  be 
prepared, and would r e q u i re  large q u a n t i t i e s  o f  inoculum and f requen t  
v i s i t s  f o r  maintenance dur ing the exper imenta l  per iod.
Glasshouse exper iments are more p r a c t i c a l  than f i e l d  s tud ie s  f o r  
v a r i o u s  reasons .  More i s o l a t e s  can be t e s t e d  in  a s m a l l e r  a rea ,  and 
outpI  an t ing  s i t e s  can be p a r t i a l l y  s imula ted by using s o i l s  f rom those 
areas. I t  must, however, be stressed t h a t  once s u i t a b le  i s o la te s  have 
been s e le c te d  f rom  t h e  i n i t i a l  range t h e y  must be t e s t e d  in  f i e l d  
t r i a l s  b e fo r e  th e y  can be c o n f i d e n t l y  u t i l i z e d  f o r  t h e  p r o d u c t i o n  o f  
nu rs e ry  seed I i  ngs.
6.1 Inoculum production
P r e l i m i n a r y  i n v e s t i g a t i o n s  were made in o r d e r  t o  t e s t  d i f f e r e n t  
methods of  producing inoculum f o r  bioassays.
Agar d i s c s  can be used as inocu lum t o  produce m y c o r r h i z a l  
s e e d l i n g s .  T h i s  method is  u s e fu l  f o r  p u r e - c u l t u r e  s y n t h e s i s  o f  
m y c o r r h i z a s .  For  l a rg e  s c a le  g las s hou s e  e x p e r im e n ts ,  however  t h i s  
method is  im p r a c t i c a l ,  p a r t i c u l a r l y  as there  are more e f f i c i e n t  methods 
o f  p ro d u c in g  inocu lum  in l a rg e  q u a n t i t i e s .  Ano the r  d i s a d v a n ta g e  o f  
using agar d iscs  is  t h a t  mycor rhizal  r o o t  fo rm a t ion  is  uneven, because 
i t  occurs predominant ly  in the  reg ion of  inocu la t ion .  Other forms of  
inocu lum  ensu re  a more even spread o f  i n f e c t i o n  as a r e s u l t  o f  even 
d i s t r i b u t i o n  of  i n f e c t i v e  propagules throughout  the s o i l .  Th is  method 
was t h e re fo re  not considered f u r t h e r .
6.1.1 Li quid fi.uJlu.rs
The p roduc t ion  o f  I i q u id - c u I t u r e  inoculum fo r  mycorrh iza l  s tud ie s
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i s  u s e fu l  because t h e  g ro w th  r a t e  o f  f u n g i  in t h i s  t y p e  o f  sys tem is  
r e l a t i v e l y  f a s t ,  p a r t i c u l a r l y  w i t h  a e r a t i o n  and a g i t a t i o n  o f  t h e  
medium. In t h i s  exper iment  pieces o f  broken glass were used t o  break 
up the m yce l ia l  aggregates t o  c rea te  more regenera t ion  po in ts  and thus 
acce le ra te  biomass product ion.
Th is  t e s t  was designed t o  assess the method f o r  i t s  p r a c t i c a l i t y  
and f o r  a reasonable product ion  of  biomass.
Three m y c o r r h i z a l  fu n g i  were used t o  t e s t  t h i s  method;  L. 
am e thys tea  (S6 ),  T. t e r r e s t r  i s (R67) and P. ? n v o Iu tu s  (R61). The P. 
?nvolutus  i s o la te  was used t o  t e s t  d i f f e r e n t  v a r ia t i o n s  on the  method. 
The exper iment  was set  up as descr ibed in Sect ion 4.2.1.
Table 6.1 Growth o f  th ree  raycorrhizaI  fungi  in d ?f f e r e n t  
I ?qu?d - c u I tu r e  co n d i t io n s
Fungus I so I ate C u l tu re  co n d i t io n s Dry weight increase in 50ml
number a g i t a t i o n g I ass MMN a f t e r  3 weeks (mq)
+ / - Mean ±  SD
E . invoIu tus R61 cont inuous - 20 ±  8
Ejl in vo Iu tus R61 con t i  huous + 30 ±  11
£L. invo Iu tus R61 i n t e r m i t t e n t + 47 ±  9
L. amethystea S 6 in t e r m i t t e n t + 65 ± 2 3
t e r r e s + r l s R67 i n t e r m i t t e n t + 36 ±  15
The growth o f  the mycorrh iza l  fungi  by t h i s  method was c a lc u la te d  
as t h e  mean d ry  w e ig h t  in c re a s e  f rom  4 r e p l i c a t e  t r e a t m e n t s .  The 
r e s u l t s  in Table 6.1 show t h a t  i nvo I utus grew b e t t e r  w i th  g lass  and 
i n t e r m i t t e n t  shaking than w i th  cont inuous shaking and no g lass .  The 
use o f  g lass  ch ips  t o  break up the  mycelium and thus increase growth is 
t h e r e f o r e  e f f e c t i v e .  There  appears  t o  be l i t t l e  d i f f e r e n c e  between 
c o n t i n u o u s  and i n t e r m i t t e n t  s h a k in g ,  bu t  t h i s  may a l t e r  w i t h  lo n g e r  
incuba t ion .
No d i f f e re n c e s  were apparent between the growth ra tes  of  the  th re e  
fungi  used, th e re fo re  t h i s  method can be considered s u i t a b le  f o r  growth 
o f  d i f f e r e n t  mycorrh izal  fung i .
For large scale product ion  o f  inoculum, however, t h i s  p a r t i c u l a r  
m e thod was no t  c o n s id e re d  p r a c t i c a l ,  and so was no t  used t o  p roduce  
<fe;']ieh‘“ croLfe byv.s i j i l  fer,  ‘cu I t p ra  I yvraeth6TdM:
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i nocu lum  f o r  t h e  g Iasshouse  s e l e c t i o n  s t u d ie s .  L i q u i d  f e r m e n t a t i o n  
t e c h n o lo g y  may be a u s e fu l  e x t e n s i o n  o f  I i q u id  c u l t u r e  p r o d u c t i o n  o f  
inocu lum  in t h e  f u t u r e ,  bu t  f u r t h e r  i n v e s t i g a t i o n  in t h i s  a rea  was 
beyond the  scope o f  t h i s  p ro je c t .
6.1.2 Paper  c u l t u r e
Paper -cu  I t u r e  inocu lum has been used p rev ious ly  f o r  i n o c u la t i n g  
c o n t a i n e r i z e d  s e e d l i n g s  (L i t t k e  q±  a±.,  1980), and is  des igned  t o  
p e rm i t  d i r e c t  a p p l i c a t i o n  o f  fungal inoculum t o  seedl ing ro o t  systems.
For a p r a c t i c a l  assessment o f  t h i s  method L,,. Iaccata (R68) and C. 
qeoph i Ium  (R53) were grown on f i l t e r  paper under v a r i o u s  c o n d i t i o n s
(4 .2 .2) .  These c o n d i t i o n s  were assessed f o r  t h e i r  p r a c t i c a l i t y  and 
a b i l i t y  t o  produce reasonable fungal growth.
Table 6.2 Growth o f  two mycorrh izaI  fungi  in d ?f f e r e n t  
paper -cu I tu re  cond i t  ions
Dry weight i ncrease
Vessel Paper MMN Mo. o f a f t e r  4 weeks (ma)
(m l ) d i scs L. 1accata C. geophi lum
mean ±  SD mean ±  SD
P e t r i  d ish c i r c 1e 5 1 28 ±  2 38 ±  -
Large b o i 1ing tube c y 1i nder 20 2 59 ±  6 76 ±  17
Smal1 b o i 1ing tube cy l  inder 15 2 56 ±  6 58 ±  12
Specimen tube c y 1i nder 10 2 28 ±  10 47 ±  7
Specimen tube c y l i n d e r * 10 2 28 ±  6 63 ±  5
Specimen tube cone 10 1 9 ±  4 41 ±  6
Specimen tube s t r i p 10 1 12 ±  8 26 ±  4
%
d iscs  placed in l i q u i d  not on paper
The growth o f  the mycorrh iza l  fungi  by t h i s  method was c a l c u la te d  
as t h e  mean d ry  w e ig h t  in c re a s e  f rom  4 r e p l i c a t e  t r e a t m e n t s .  The 
r e s u l t s  in Table 6.2 show t h a t  growth of  both fungi  was best  in l a rg e r  
b o i l i n g  tubes .  Good g r o w th  o f  bo th  f u n g i  a l s o  o c c u r re d  in  s m a l l e r  
b o i l i n g  tubes. The s m a l le r  growth increases seen in the  o the r  vesse ls  
i s  I i k e l y  t o  be due t o  t h e  srnal l e r  vo lumes o f  n u t r i e n t  s o l u t i o n  used. 
D ry in g  o u t  o f  t h e  paper  was a m a jo r  p rob lem  w i t h  t h i s  method.
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Cenococcum geoph i I urn grew b e t t e r  than Li_ 1 a c c a t a ' in t h e  s m a l l e r  
vesse ls ,  and t h i s  may be re la te d  t o  the a b i l i t y  o f  t h i s  fungus t o  adapt 
t o  wa te r -s t ressed  environments ( 1.6).
T h i s  method appears  t o  be u n s u i t a b l e  f o r  l a r g e - s c a l e  inocu lum  
product ion because of  the d i f f i c u l t y  in ma in ta in ing  mois ture  leve ls  in 
t h e s e  vessels.
6.1.3 P e a t - v e r m ic u I i t e  c u I tu re
In view of  the r e s u l t s  from the l i q u i d  c u l t u r e  and paper c u l t u r e  
exper iments i t  was considered more p r a c t i c a l  t o  produce inoculum by the 
p e a t - v e r m i c u I i t e - M M N  method (4.2.3) f o r  t h e  l a rg e  s c a le  t e s t i n g  o f  
mycorrh iza l  fung i .
T h is  method needs less  a t t e n t i o n ,  and t h e  r e s u l t i n g  inocu lum  is  
eas ie r  t o  harvest  and s to re  than l i q u i d  or  paper c u l t u r e  inocula.  The 
p e a t - v e r m ic u I i t e  c u l tu re s  can be mixed thorough ly  i n to  the  s o i l  u n l i k e  
paper  c u l t u r e s ,  t h u s  g i v i n g  r i s e  t o  an in c re a s e  number o f  i n f e c t i o n  
p o i n t s  around t h e  r o o t  sys tem.  The funga l  hyphae p e n e t r a t e  t h e  
v e r m i c u l i t e  layers ,  and t h i s  is  thought l i k e l y  t o  a f f o rd  p r o te c t i o n  t o  
the  fungus p r i o r  t o  mycorrh iza l  ro o t  fo rm a t ion  (Marx and Bryan, 1975).
The p e a t - v e r m ic u I i t e  c u l t u r e  method has been used s u c c e s s fu l l y  in 
previous s tud ies  a t  Surrey (Thomas, 1980).
I t  was not iced t h a t  the K i l n e r  j a r  c u l t u r e s  were more f r e q u e n t l y  
contaminated than the s m a l le r  f l a s k  c u l tu re s .  The s t e r i l i z a t i o n  o f  the  
PVM medium in  t h e  K i l n e r  j a r s  was n o t  a lw ays  s u c c e s s f u l ,  p r o b a b l y  
because o f  poor  p e n e t r a t i o n  o f  s t e r i l i z i n g  hea t  t o w a r d s  t h e  in n e r  
reg ions of  the  medium in these la rge r  vessels.
The f l a s k  c u l t u r e s  exh ib i ted  less con tam ina t ion  problems, and were 
t h e re fo re  used f o r  most o f  the bioassays.
6.2 Selecting a  suitable bioassay system
The s y s te m  used f o r  t e s t i n g  m y c o r r h i z a l  f u n g i  s h o u l d  be 
c o n v e n ie n t ,  econom ic ,  r e l a t i v e l y  f a s t  and s hou ld  encourage  adequa te  
mycorrh iza l  r o o t  fo rmat ion .
6.2.1 Assessment s i  h o r t i c u I t u r a I  sonla,iJier-S
D i f f e r e n t  p la n t  con ta iners  (Table 4.5) a v a i l a b le  f o r  h o r t i c u I t u r a l  
use were t e s t e d  f o r  t h e i r  s u i t a b i l i t y  f o r  m y c o r r h i z a l  s e l e c t i o n  
s tud ies .  Such in d iv id u a l  growth u n i t s  would  t h e o r e t i c a l l y  a l l o w  t h e
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assessment o f  a large number o f  mycorrh iza l  fungi  in a smal l  area.
The e x p e r i m e n t  v/as s e t  up as d e s c r i b e d  in  S e c t i o n  4 .6 .1 .  
Comparisons were made between inoculated and uninocu la ted seed l ings in 
fou r  types o f  con ta iner .  The inoculum used was T. t e r r e s t r i s  (R67).
Table 6.3 Growth o f  inoculated and un inocu la ted seedl ings 
a t l e r  1  months i n  £ y a n lg t y  o l  con ta iners
Container Peat 
add i t  ion
Total  dry we ight (g)
Un i nocu1ateG 
mean + SD
InocuIated 
mean ±  SD
Plantpak - 0.027 ±  0.010 0.042 ±  0.025
Kopparfor - 0.027 ±  0.007 0.034 ±  0.008
Kopparfor + 0.052 ±  0.028 0.051 ±  0.025
AP Blocks - 0.024 ±  0.006 0.037 ±  0.006
AP Blocks + 0.042 ±  0.010 0.061 ±  0.020
Peat pots - 0.164 ±  0.061 0.060 ±  0.049
In t h i s  exper iment  none o f  the seed l ings became m ycor rh iza l .  Th is  
is r e f l e c te d  in the r e s u l t s  shown in Table 6.3 where few d i f f e re n c e s  in 
dry we ight occurred between the inocu la ted and uninocu la ted seed l ings .  
The a d d i t io n  of  peat t o  the s o i l  was intended t o  improve t e x tu r e ,  bu t  
t h i s  procedure improved growth o f  un inocu la ted seedl ings in AP Blocks 
o n l y .  Peat po ts  encouraged g r e a t e r  g ro w th  o f  bo th  i n o c u l a t e d  and 
un inocu la ted seed l ings,  t h i s  is  probably due t o  n u t r i e n ts  impregnated 
in the  w a l l s  o f  these pots.
From these  r e s u l t s  t h e  c o n t a i n e r s  were c o n s id e re d  g e n e r a l l y  
u n s u i t a b l e  f o r  f u r t h e r  s t u d i e s .  The c o n t a i n e r s  were t o o  smal I f o r  
growing f o r e s t  t r e e  seed l ings and would thus r e s t r i c t  the  growth per iod  
f o r  t e s t i n g  mycor rhizal  fung i .  The lack o f  mycorrh izal  ro o t  fo rm a t io n  
may have been due t o  t h e  fo rm  o r  app I i c a t  i on o f  t h e  l i q u i d . i n o c u l u m  
used, o r  t o  loss in inoculum p o te n t ia l  s ince these con ta iners  tended t o  
dry out  qu ick ly .
6.2.2 Cons iderat ion  q±  o the r , con ta ine rs
As a r e s u l t  o f  the assessment o f  h o r t i c u l t u r a l  con ta ine rs  la rge r  
growth con ta iners  were considered more s u i t a b le  f o r  mycorrh iza l  s tu d ie s
w i th  S i tka  spruce seedl ings.
The g lasshou se  p o t  sys tem has been used s u c c e s s f u l l y  by many
a u th o r s  f o r  m y c o r r h i z a l  s t u d i e s  (Young, 1940; Theodorou and Bowen, 
1970; Ekwebelam, 1979; Thomas, 1980) and was the re fo re  chosen f o r  some
of  the la rge -sca le  exper iments.
Leach tubes  (see T ab le  4 .5) ,  used in t h e  U.S.A. f o r  t h e  p r o d u c t i o n  
of  con ta ine r ized  f o r e s t  t r e e  seed l ings,  were also assessed f o r  t h e i r  
usefulness in mycorrh iza l  s tud ies .  These tubes pe rm i t  a la rge r  number 
o f  r e p l i c a t e s  o r  t r e a t m e n t s  per  u n i t  area than  p l a n t  p o t s ,  and a re  
t h e re fo re  p o t e n t i a l l y  useful  fo r  p r e l im in a ry  s e le c t io n  o f  mycorrh iza l  
fung i .
6.3 Bioassays used jfec .selfic.tJLi3fl iftycQJXhi-zal lungi.
In t h e  f o l l o w i n g  s e c t i o n  t h e  r e s u l t s  f rom  f o u r  g l a s s h o u s e  
exper iments are descr ibed. Seedl ing growth was analysed in a l l  four  
exper iments,  and shoot mineral  concen t ra t ions  were analysed in the  two 
pot  exper i ments on Iy.
The r e s u l t s  were analysed by f a c t o r i a l  ana lys is  o f  va r iance ,  and 
m u l t i p l e  com par isons  were made on p a r t i t i o n e d  data  u s in g  ' F i s h e r ' s  
l e a s t  s i g n i f i c a n t  d i f f e r e n c e '  (FLSD) t e s t  (Carmer and Swanson, 1971; 
C la r k e ,  1980; Madden e t  a_L., 1982). As th e  da ta  d id  n o t  f o l l o w  a 
normal d i s t r i b u t i o n ,  s u i t a b le  mathematical  t ra n s fo rm a t io n s  were made 
before  s t a t i s t i c a l  analyses (see Appendix 1).
The r e s u l t s  f rom  g r o w th  and m in e r a l  a n a lyses  a re  d e s c r i b e d  in 
t e rm s  o f  s i g n i f i c a n c e  a t  t h e  5% l e v e l  a f t e r  a p p l i c a t i o n  o f  t h e  FLSD 
t e s t .
6.3.1 Eq±  exper iment 1
This  exper iment was designed t o  compare the  e f f e c t s  o f  f o r e s t  and 
n u r s e r y  i s o l a t e s  o f  m y c o r r h i z a l  f u n g i  on g r o w t h  and n u t r i e n t  
compos i t ion  of  S i tka  spruce seed l ings growing in a nursery ( I r o n h i l l )  
and a f o r e s t  (Brarnsh i l l )  s o i l .  The exper imenta l  d e t a i l s  are descr ibed 
in 4.6.2.
The t r e e  seedl ings were harvested a f t e r  growing f o r  6-7 months in 
g la s s h o u s e  c o n d i t i o n s  (4 .7 ) ,  and v a r i o u s  g ro w th  p a ra m e te rs  were 
measured (4 .8 .2 ) .  The d r i e d  s hoo ts  were r e t a i n e d  and a n a ly s e d  f o r  
t o t a l  n i t roge n ,  phosphorus and potassium as descr ibed in Sect ion 5.1.
Shoot  b ra n c h in g  and r o o t  le n g th  d id  no t  appear t o  change
c o n s i s te n t l y  w i th  fungal t rea tm en t  or s o i l ,  and t h e re fo re  these data 
were disregarded in s t a t i s t i c a l  ana lys is .
Mycorrhizal root formation
No mycorrh iza l  contaminat ion  was found on the un inocu la ted co n t ro l  
seed I i  ngs.
E x a m in a t io n  by l i g h t  m ic roscopy  c o n f i r m e d  t h a t  t h e  i n o c u l a t e d  
s e e d l i n g s  were m y c o r r h i z a l  w i t h  t h e  t e s t  fungus added t o  t h e  s o i l .  
T ab le  6.4 shows t h e  e x t e n t  o f  m y c o r r h i z a l  r o o t  f o r m a t i o n  on seed I ing
roo ts  o f  4 r e p l i c a t e  t rea tm en ts  inocu la ted w i th  d i f f e r e n t  mycorrh iza l
fu n g i .
Table 6.4 Propor t  ion o f  s ho r t  roo ts  forming rnvcorrh i zas w i th  d ? f f e r e n t
? nocu1 a on seed I i  ngs grown i n two s o i I s  i n Pot exper iment  1
Treatment 1 so 1 ate 
number
Mean percentage of  mycorrh iza l  
sho r t  roo ts  in d i f f e r e n t  s o i l s
Fores t Nursery F e r t i I i z e d
Uninoculated con t ro l - 0 0 0
L. 1accata R68 96 65 38
L. amethystea S 6 79 80 0
T. t e r r e s t r i s  (N) R67 97 83 0
T. t e r r e s t r i s  (F) R34 95 82 0
C. aeophilurn (A) R53 0 0 0
C. aeophi lum (R) R32 27 0 0
P. invo lu tus R61 79 0 0
P. t i n c t o r i u s S18 0 0 0
' E - s t r a i n 1 fungus R66 70 48 36
Is o la te  B1 R56 37 48 : 0
Is o la te  B3 R76 0 0 0
Is o la te  13 R55 0 0 0
The fo rmat ion  of  mycorrhizas in the  f e r t i l i z e d  nursery s o i l  was 
v e ry  poor.  On I y L. I a c c a ta  and ' E - s t r a i n 1 fungus  formed m y c o r r h i z a s .  
Resul ts  from t h i s  s o i l  were not used f o r  f u r t h e r  ana lys is .
On ly  8 o u t  o f  t h e  12 fu n g a l  i s o l a t e s  t e s t e d  in t h i s  e x p e r i m e n t  
formed mycorrhizas.  P i s o l i t h u s  t i n c t o r i u s , C. geophi lum ( A l i c e  H o l t ) ,  
the  nursery i s o la te  B3 and the f o r e s t  i s o la t e  13 formed no mycorrh izas.
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The seedl ings inoculated w i th  P. t i n c t o r i u s  were se lec ted as an example 
of  inocu la ted but non-mycor rh izal  seed l ings f o r  s t a t i s t i c a l  comparison 
w i t h  o t h e r  t r e a t m e n t s .  M y c o r r h i z a l  r o o t  f o r m a t i o n  was g e n e r a l l y  
g r e a t e r  in t h e  f o r e s t  s o i l  than  in th e  u n f e r t i l i z e d  n u r s e r y  s o i l .  
Cenococcum geoph ?I urn and P. invo Iu tus  formed mycorrhizas in f o r e s t  s o i l  
on ly .
Growth
F ig u r e s  6.1 and 6.2 show t h e  e f f e c t s  o f  d i f f e r e n t  m y c o r r h i z a l  
in o c u la  on s e e d l i n g  g ro w th  pa ra m e te rs  in a n u rs e ry  and f o r e s t  s o i l .  
The r e s u l t s  from the s t a t i s t i c a l  ana lys is  o f  growth data are presented 
in Tab I es 6 .5 a -6 .5 f .
In t h e  n u rs e ry  s o i I  L .  am e thys tea  and i so I a te  B1 s i g n i f i c a n t l y  
in c rea sed  shoo t  d ry  w e ig h t  (SOW), r o o t  d ry  w e ig h t  (RDW), t o t a l  d r y  
w e ig h t  (TDW), shoo t  le n g th  (SL) and stem d ia m e te r  (SD) above t h e  
uninocu la ted con t ro l  seed l ings.  Inocu la t ion  w i th  the nursery i s o la t e  
o f  J*. t e r r e s t r  i s s i g n i f i c a n t l y  in c reased  SDW, SL and SD. The f E- 
s t r a i n 1 fungus ,  t h e  f o r e s t  i s o l a t e  o f  T. t e r r e s t r i s  and L. I a c c a ta  
s i g n i f i c a n t l y  increased SL and SD on ly .  The seedl ings inocu la ted  w i th  
the non-mycorrhiza fo rm ing P. t i n c t o r i u s  had s i g n i f i c a n t l y  l a r g e r  SD 
t h a n  t h e  u n i n o c u l a t e d  c o n t r o l  s e e d l i n g s .  T h e re  w e re  f u r t h e r  
s i g n i f i c a n t  d i f f e r e n c e s  between th e s e  fu n g i  in t h e i r  e f f e c t s  on 
seed I ing  growth.
In the  f o r e s t  s o i l  SDW, RDW, TDV/, SL and SD were a l l  s i g n i f i c a n t l y  
in c rea sed  above th e  u n i n o c u la t e d  c o n t r o l s  by i n o c u l a t i o n  w i t h  'E -  
s t r a i n '  fungus L,. a m e th y s te a . L. I a c c a t a . P. i nvo I u tu s  and bo th  
i s o l a t e s  o f  I* ,  t e r r e s t r  i s . I n o c u l a t i o n  w i t h  i s o l a t e  B1 and C. 
geoph i I  urn (A ld e rh o l t )  increased SD on ly .
The un i n o c u la te d  c o n t r o l  s e e d l i n g s  in th e  nurser.y s o i l  had 
s i g n i f i c a n t l y  l a r g e r  s h o o t - r o o t  r a t i o  (SR), SL and SD th a n  t h o s e  in 
f o r e s t  s o i l .
Comparing t h e  e f f e c t s  o f  d i f f e r e n t  in o c u la  in r e l a t i o n  t o  so i  I 
type,  the i s o la te  B1 s t im u la te d  a s i g n i f i c a n t l y  la rge r  increase in SDW, 
RDW, TDW, SL and SD in t h e  n u rs e ry  s o i l  than in t h e  f o r e s t  s o i l .  
Mycorrhizas o f  L. amethystea were more e f f e c t i v e  in inc reas ing  SDW, RDW 
and SL in t h e  n u r s e r y  s o i l ,  and i n o c u l a t i o n  w i t h  £*. geoph i I u rn 
(A ld e rh o l t )  was more e f f e c t i v e  in increas ing SL and SD in the  nursery  
than in the f o r e s t  s o i l .
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Tables 6 .5 a -6 .5 f
S t a t i s t i c a l  d i f  f e re n c e s  d,e±££-tg.d 5£±.tf.S£ii t r e a t m e n t s  ± o r  d i f  f e £_Qill 
aar.am.eters 2±  ±h£ 51 s ig n i f i c a n c e  level  I n  £q± exper iment  1
KEY
InocuI urn:
PVD -  un inocu la ted con t ro l
A3 -  'E - s t r a in *  fungus
La -  ]_*. amethystea
LI -  L j. I accata
TtN -  X*. t e r r e s t r  is  (nursery )
TtF -  Xjl. t e r r e s t r  is ( f o r e s t )
Pi -  £U invo 1 utus
Pt  -  R*. t i n c t o r i u s
CgR -  geoph ? I urn ( A ld e rh o l t )
B1 -  u n i d e n t i f i e d  nursery basidiomycete
X° -  inocu la ted but non-mycorrhizaI
The g ro w th  p a ra m e te r  v a lu e s  a re  expressed as t h e  mean o f  4 
r e p l i c a t e s .
The F i s h e r ' s  l e a s t  s i g n i f i c a n t  d i f f e r e n c e  t e s t s  were  made on 
s u i t a b l y  t ransformed data (where x = o r i g i n a l  growth parameter va lue)  .
Treatment values shar ing a l i n e  are not s i g n i f i c a n t l y  d i f f e r e n t  a t  
the  5% level  by the  LSD t e s t .
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Table 6.5a Shoot dry weigh t  (SDW = mean lo g [ x + l ] ) *
Forest so i  I Nursery soi I Between soi  I
1nocu1um SDW 1nocu1um SDW di f fe rences
PVD 0.009 PVD 0.033 P t°
o+-CL 0.012 CgR° 0.045 B1
B1 0.023 P i ° 0.051 La
CgR 0.025 A3 0.062 LI
A3 0.068 P t ° 0.062
La 0.085 LI 0.064
Pi 0.114 TtF 0.071
LI 0.126 TtN 0.086
TtN 0.127 La 0.135 LSD = 0.044 a t  5%
TtF 0.166 B1 0.200 (0.059 a t  1£)
Table 6.5b Root dry weight (RDW = mean o g [ x + l ] ) *
Forest soi 1 Nursery soi I Between s o i 1
1nocu1um RDW 1nocu1um RDW d i f fe rences
PVD 0.008 PVD 0.029 P t °
P t ° 0.009 CgR° 0.042 B1
B1 0.016 P i ° 0.053 La *
CgR 0.023 TtN 0.055 TtN
La 0.076 LI 0.058 TtF
A3 0.059 A3 0.057
Pi 0.082 P t° 0.064
LI 0.097 TtF 0.069
TtN 0.114 1 La 0.148 LSD = 0.044 a t  5%
TtF 0.155
'
B1 0.224 (0.059 a t  )%)
Table 6 .5c To ta l dry weight (TDV7 = mean lo g [x + 1 j ) *
Fores t  so i I  
nocu I um TDV/
Nursery so i I  
nocu I um TDV/
Between soi 
di f  ferences
PVD 0.016
P t° 0.020
B1 0.040
CgR 0.047
A3 0.117
La 0.147
Pi 0.178
LI 0.200
TtN 0.211
TtF 0.277
PVD 0.060
CgR° 0.083
P i ° 0.097
A3 0.111
LI 0.118
P t° 0.121
TtN 0.126
TtF 0.130
La 0.245
B1 0.354
Ptu
B1
LI
TtN
TtF
LSD = 0.064 a t  %  
(0.086 a t  \%)
Table 6.5d Shoot - roo t  r a t i o  (SR = mean 2 a rcs in  v / [x /10D)*
Forest  s o i 1 Nursery s o i 1 Between s o i 1
Inoculum SR 1nocu1um SR d i f fe rences
No s i g n i f i c a n t S i g n i f i c a n t PVD
d i f  ferences between d i f f e re n c e  between
con t ro l  and trea tments c on t ro l  and trea tments
or  between t rea tments . in general on ly .
Table 6 . 5e Shoot length (SL = mean lo g [ x + l ] ) *
Forest  so i I  
nocuIum SL
Nursery s o i I  
noculum SL
Between s o i I  
di f fe rences
PVD
P t °
CgR
B1
A3
La
LI
TtN
Pi
TtF
1 .469 
1 .504 
1 .533 
1 .576 
1 .703 
1 .761 
1 .873 
1 .877 
1 .908 
1 .993
PVD 1 .635
CgR° 1 .707
P i ° 1 .715
P t ° 1 .729
A3 1 .750
LI 1 .792
TtF 1 .802
TtN 1 .822
La 1 .935
B1 2.090
PVD
P t °
B1
La
TtF
LSD = 0.111 a t  5% 
(0.148 a t  ]%)
Table 6 . 5 f  Stem diameter (SD = mean logEx+IJ)
Forest  soi 
noculum SL
Nursery soi 
noculum SL
Between soi 
d i f fe rences
PVD
P t°
CgR
B1
A3
La
Pi
LI
TtN
TtF
0.203
0.236
0.270
0.282
0.408
0.448
0.479
0.510
0.532
0.558
PVD
CgR°
P i °
P t °
A3
TtN
LI
TtF
La
B1
0.331
0.341
0.382
0.404
0.422
0.441
0.442
0.462
0.492
0.567
PVD
P t °
B1
LI
TtN
TtF
LSD = 0.064 a t  5% 
(0.085 a t  1%)
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In c o n t r a s t  t h e  f o r e s t  T. t e r r e s t r i s  i s o l a t e  was s i g n i f i c a n t l y  
more e f f e c t i v e  in i n c r e a s in g  SDW, RDW, TDW, SL and SD in t h e  f o r e s t  
s o i l .  L l I a cca ta  inc reased  SDW, TDW and SD, and t h e  n u r s e r y  T. 
t e r r e s t r i s  i s o la te  increased RDW, TDW and SD to  a g rea te r  degree in the 
f o r e s t  s o i l  than in the nursery s o i l .
The r e s u l t s  from the ana lys is  of  growth parameters show t h a t  SDW, 
RDW, TDW, SL and SD are  g e n e r a l l y  a l t e r e d  by d i f f e r e n t  m y c o r r h i z a l  
i n o c u la .  In t h i s  e x p e r im e n t  s h o o t - r o o t  r a t i o  was no t  a f f e c t e d  by 
in o c u la t i o n .
In f o r e s t  s o i l  ’ E - s t r a i n *  fungus ,  L. ame t h y s t e a . L. l a c c a t a . P. 
?nvoIutus and the tv/c i s o la te s  o f  t e r r e s t r i s  a l l  promoted seed l ing 
g ro w th  above t h e  u n in o c u la t e d  c o n t r o l s .  The i s o l a t e  B1 and C. 
geoph?Ium (A ld e rh o l t )  had l i t t l e  s t im u la t o r y  e f f e c t  in f o r e s t  s o i l ,  and 
t h i s  may be re la te d  t o  t h e i r  low level of  mycor rhizal  ro o t  fo rm a t ion  
(Table 6.4). The growth o f  seedl ings inoculated w i th  t i n c t o r i u s  was 
not a f fec ted  in t h i s  s o i l .
In nursery s o i l  L. amethystea and i s o la te  B1 c o n s i s t e n t l y  iimproved 
s e e d l i n g  g ro w th  pa ram e te rs  above th e  u n in o c u la t e d  c o n t r o l s .  The 
nursery and f o r e s t  i s o la te s  o f  JX t e r r e s t r i s r ’E - s t r a i n 1 fungus and L. 
I a cca ta  improved some pa ra m e te rs  and no t  o t h e r s .  None o f  t h e  
in o c u la te d  b u t  non -m yco r rh  i za I seed l ing  t rea tm ents  (P. t i n c t o r i u s . P. 
i nvo I u tus  and Q*. geoph i I um ( A l d e r h o l t ) )  improved g ro w th  above t h e  
un inoculated c o n t r o l s  in t h i s  s o i l .
There  were s i g n i f i c a n t  d i f f e r e n c e s  found between t h e  d i f f e r e n t  
mycorrh izal  inocula.  For example, the 'E - s t r a in '  fungus s i g n i f i c a n t l y  
in c reased  s e e d l i n g  g ro w th  in f o r e s t  s o i l ,  b u t  no t  as much as P. 
in v o lu tu s f L. Iaccata or the .L. t e r r e s t r i s  i so la tes .
I t  is  i n t e r e s t i n g  t o  no te  t h a t  in n u rs e ry  s o i l  t h e  tw o  L a c c a r  i a 
s p e c ie s  had s i g n i f i c a n t l y  d i f f e r e n t  e f f e c t s  f rom  each o t h e r  on a l l  
g r o w th  p a ra m e te rs ,  and in  f o r e s t  s o i l  on shoo t  le n g th .  A f u r t h e r  
i m p o r t a n t  p o i n t  i s  t h a t  a d i s t i n c t i o n  can be made between t h e  tw o  T. 
t e r r e s t r i s  i so la tes  in t h e i r  e f f e c t s  on TDW and SL in f o r e s t  s o i l .
F i n a l l y  the comparison between m y c o r r h i z a l  e f f e c t s  in d i f f e r e n t  
s o i l s  shows t h a t  L. laccata and the  two T. t e r r e s t r i s  i s o la te s  improved 
s e e d l i n g  g ro w th  t o  a g r e a t e r  e x t e n t  in  f o r e s t  s o i l ,  whereas L. 
amethystea and i s o la t e  B1 had a more pronounced e f f e c t  in nursery s o i l .  
Thus d i f f e r e n t  mycorrh iza l  fung i  may be su i ted  t o  d i f f e r e n t  s o i l s .
Figure
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An i n t e r e s t i n g  com par ison  can be made between seed I ing biomass 
(TDW) and percent mycorrh iza l  ro o t  fo rm a t ion  in r e l a t i o n  t o  s o i l  type 
(F ig s .  6.3a and 6.3b).
In the  f o r e s t  s o i l  the po in ts  tend t o  f o l l o w  a curve f a i r l y  w e l l ,  
b u t  in  t h e  n u r s e r y  so i  I t h e  p o i n t s  a re  more s c a t t e r e d .  An i m p o r t a n t  
observa t ion  is t h a t  a compara t ive ly  lower p ropo r t ion  o f  mycor rhizas  is 
requ i red  in the nursery s o i l  t o  produce a seedl ing biomass s i m i l a r  t o  
t h a t  in f o r e s t  s o i l .  I t  s hou ld  a l s o  be noted t h a t  in n u r s e r y  s o i l  
p lan ts  inocu la ted w i th  L*. amethystea o r  i s o la te  B1 are ab le  t o  produce 
a h igher  biomass w i th  a lower level  of  mycorrh izal  ro o t  fo rm a t io n  than 
w i th  o the r  mycorrh iza l  inocula.
Mineral analysis
M in e r a l  c o n c e n t r a t i o n s  were d e te rm in e d  in s hoo ts  o f  seed I ings  
grown w i t h  v a r i o u s  m y c o r r h i z a l  f u n g i  and compared t o  t h o s e  in 
u n in o c u la t e d  c o n t r o l  s e e d l i n g s .  F ig u r e s  6 .4a-6.4c  show t h e  s h o o t  
concen t ra t ions  of  phosphorus, potassium and n i t rogen in seed l ings  w i th  
d i f f e r e n t  mycor rhizal  fung i .  The r e s u l t s  f rom the s t a t i s t i c a l  ana ly s is  
o f  these data are presented in Tables 6.6a-6.6c
In t h e  n u rs e ry  s o i I  shoo t  phosphorus I eve Is  were s i g n i  f  i c a n t  Iy  
h i g h e r  in s e e d l i n g s  m y c o r r h i z a l  w i t h  ' E - s t r a i n 1 fungus  and t h e  tw o  
i s o l a t e s  o f  T. t e r r e s t r  ? s in com par ison  t o  t h o s e  o f  t h e  u n in o c u la t e d  
c o n t r o l s , ,  whereas L. am e thys tea  and L. I a cca ta  m y c o r r h i z a s  d i d  n o t  
change shoot phosphorus concen t ra t ion  s i g n i f i c a n t l y .
In f o r e s t  s o i l  a I I t h e  m y c o r r h i z a I  i n o c u l a t i o n s  r e s u l t e d  in  
s i g n i f i c a n t l y  in c reased  s h o o t  phosphorus concen t ra t ion ,  a l though the  
' E - s t r a i n '  fungus was s i g n i f i c a n t l y  le ss  e f f e c t i v e  than  t h e  tw o  
Thelephora iso la tes  in t h i s  respect .
Comparing t h e  t r e a t m e n t s  in the- d i f  f e r e n t  s o i l s ,  t h e  c o n t r o l  
seed l ings in nursery s o i l  had h igher  shoot phosphorus leve ls  than those 
i n f o r e s t  so i  I , and t h  is  was a I so seen i n seed I i ngs m yco r rh  i z a l  w i t h  
'E - s t r a in '  fungus and the nursery and f o r e s t  is o la te s  o f  J*. t e r r e s t r i s .
The r e s u l t s  f rom potassium ana lys is  show no s i g n i f i c a n t  changes in 
shoot potassium concen t ra t ion  w i th  any mycorrh iza l  inocu la  in nursery  
s o i l .  In t h e  f o r e s t  s o i l  t h e r e  were s i g n i f i c a n t l y  lo w e r  p o ta s s iu m  
leve ls  in the inocu la ted seed l ings  in com pa r iso n  t o  t h e  u n i n o c u l a t e d  
c o n t r o l  seeal ings.
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Figure 6.4 Shoot nutrient concentrations of seedlings grown in two soils 
with different mycorrhizal fungi in Pot experiment 1
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Tables 6 .6a -6 .6c
S t a t i s t  ica  I d i f  f e re n c e s  .d.e±.e.c.t .ed t r eat ffignls  d i f  f e r e n t
nii.t r .i.ej i t  concen t ra t ions  ±Jie 51 l e v e l  q±  s i g n i f i c a n c e  i n  Po t  
exper iment  1
KEY
InocuIum:
PVD -  uninocu la ted con t ro l
A3 -  ’ E - s t r a i n 1 fungus
La -  JLl amethystea
Ll -  L_l_ l a c c ata
TtN -  H  t e r r e s t r  is (nursery )
TtF -  L .  t e r r e s t r i s  ( f o r e s t )
X° -  inoculated but non-mycorrhizal
The n u t r i e n t  concen t ra t ion  values are expressed as the  mean o f  4 
r e p l i c a t e s .
The F i s h e r ’ s l e a s t  s i g n i f i c a n t  d i f f e r e n c e  t e s t s  were  made on 
s u i t a b l y  t ransformed data (where x = o r i g i n a l  n u t r i e n t  c o n c e n t r a t i o n
I N *value)  .
Treatment values shar ing a l i n e  are not s i g n i f i c a n t l y  d i f f e r e n t  a t  
the  5% level  by the  LSD t e s t .
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Table 6.6a Percentage shoot phosphorus ($P = 2 a r c s in v / [ x / 1 0 ] ) *
Forest  s o i I  
noculum %P
Nursery so i I  
nocuIum %P
Between soi  
di f fe rences
PVD 0.180 PVD 0.276
A3 0.257 La 0.289
La 0.281 LI 0.304
LI 0.283 A3 0.327
TtF 0.302 TtN 0.338
TtN 0.307 TtF 0.344
PVD
A3
TtN
TtF
LSD = 0.029 a t  5% 
(0.039 a t  \%)
Table 6.6b Percentage shoot potass i um (£K = 2 arcs inv / [x /10D )
Forest  soi I Nursery s o i 1 Between s o i 1
Inoculum $K Inoculum %K d i f fe rences
S i g n i f i c a n t No s i g n i f i c a n t PVD
d i f f e re n c e  between d i f fe re n c e s  between A3
c on t ro l  and t rea tments con t ro l  and t rea tments
in general on ly . or between t rea tments .
Table 6.6c  Percentage shoot n i t rogen  ($N = 2 a rcs in  s / fx / l0 ~ ] ) *
Forest  soi  1 Nursery s o i 1 Between s o i 1
Inoculum %H Inoculum $N di f fe rences
S i g n i f i c a n t  S i g n i f i c a n t
d i f f e re n c e  between d i f f e re n c e  between
con t ro l  and t rea tments  con t ro l  and t rea tments  
in general on ly .  in general on ly .
PVD
The shoo t  n i t r o g e n  c o n c e n t r a t i o n  o f  c o n t r o l  s e e d l i n g s  was 
s i g n i f i c a n t l y  h igher  than in the mycorrh izal  seed l ings when they were 
grown in nursery s o i l .  Whereas in the  f o r e s t  s o i l  seed l ings inocu la ted  
w i th  L. amethystea and the two I . ,  t e r r e s t r i s  i s o la te s  had s i g n i f i c a n t l y  
h igher n i t rogen  leve ls  than the con t ro l  seedl ings.
A genera l  c o n s i d e r a t i o n  o f  these  r e s u l t s  i n d i c a t e  t h a t  s h o o t  
phosphorus  c o n c e n t r a t i o n s  were inc reased  t o  d i f f e r e n t  e x t e n t s  by 
d i f f e r e n t  m y c o r r h i z a i  f u n g i .  Shoot po ta s s iu m  was n o t  a f f e c t e d  
d i f f e r e n t i a l l y  by t h e  d i f f e r e n t  m y c o r r h i z a l  f u n g i .  The changes in 
shoot n i t rogen  concen t ra t ion  appeared t o  vary w i th  s o i l  type.
I t  is  p o s s i b l e  t h a t  thes e  changes in n u t r i e n t  c o m p o s i t i o n  a re  
r e l a t e d  t o  seed I i n g  g ro w th  r a t e .  In o r d e r  t o  s tudy  t h i s  f u r t h e r  t h e  
d ry  w e ig h t  o f  s e e d l i n g  sh o o ts  were p l o t t e d  a g a in s t  t h e i r  n u t r i e n t  
c o n c e n t r a t i o n s ,  and Pearson c o r r e l a t i o n  c o e f f i c i e n t s  f o r  th e s e  
r e la t i o n s h ip s  were c a lc u la ted  (Figs.  6.5a-6.5f ,  Table 6.7).
Table 6.7 C o r re la t io n s  between n u t r i e n t  concen t ra t ion  and 
dry we igh t  o f  shoots from two so?Is
Compar i son Soi 1 R
(s lope)
df S ig n i f i c a n c e
level
C o r r e la t i o n
SDW t o  % shoot P Nursery -0.075 15 >5.0$, none
SDW t o o l iO O t K Nursery +0.481 14 >5.Op none
SDW t o  $ shoot N Nursery -0.481 14 >5 . 0$; none
SDW vc % shoot P Forest +0.518 21 >5 . 0$; p o s i t i v e
SDW t o  % shoot K Forest -0.675 21 0.1$ negat ive
SDW t o  % shoot N Forest +0.181 21 >5.o$; none
In th e  n u rs e ry  s o i l  t h e r e  i s  no s i g n i f i c a n t  c o r r e l a t i o n  between 
shoot dry weight and phosphorus, potassium or n i t rogen  conce n t ra t io ns .  
In t h e  f o r e s t  s o i l  phosphorus  c o n c e n t r a t i o n  in c re a s e s  as b iomass  
in c re a s e s ,  po tass ium  c o n c e n t r a t i o n  dec reases ,  and t h e r e  is  no 
c o r r e l a t i o n  between changes in n i t rogen  concen t ra t ion  and biomass.
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6.3.2 £g± exper iment 2
I t  was found in t h e  f i r s t  p o t  e x p e r im e n t  (6.3 .1)  t h a t  t h e  
i n f I u e n c e  o f  some m ycor rh  i z a l  fung i on seed I i  ng g ro w th  changed wi t h  
so i  I t y p e .  To i n v e s t i g a t e  t h i s  f u r t h e r ,  a second po t  e x p e r im e n t  was 
des igned  t o  compare t h e  e f f e c t s  o f  f o r e s t  and n u r s e r y  i s o l a t e s  o f  
mycorrh iza l  fungi  on seed I ing growth in a v a r i e t y  of  f o r e s t  and nursery 
s o i l s .  The s o i l s  were c o l l e c te d  from Crychan f o re s t ,  A ld e r h o l t  f o r e s t ,  
Ferndown f o r e s t ,  T i l h i l l  nursery and I r c n h i l l  nursery (see Table 4.3) 
as d e s c r ib e d  in  S e c t i o n  4.3.1.  The s i x t h  s o i l  i n c lu d e d  in  t h e  
e x p e r im e n t  was a compost  p repared  f rom 2 p a r t s  I r i s h  sphagnum moss 
p e a t ,  1 p a r t  sand and 2 p a r t s  loam. T h i s  t y p e  o f  medium is  som et im es  
used f o r  the  product ion o f  con ta ine r ized  seedl ings (Tinus and McDonald, 
1979). None o f  th e  s o i l s  was f e r t i l i z e d  in  t h i s  e x p e r im e n t .  The 
exper imenta l  d e t a i l s  are descr ibed in Sect ion  4.6.3.
The shoot he igh ts  were measured once a month f o r  the d u ra t io n  o f  
the  exper iment.  A f t e r  6 months growth in glasshouse c o n d i t io n s  (4.7) 
t h e  s e e d l i n g s  were h a rv e s te d  and v a r i o u s  g ro w th  p a ra m e te rs  were 
measured (4 .8 .2 ) .  The d r i e d  sh o o ts  o f  i n o c u la te d  s e e d l i n g s  w i t h  
m y c o r r h i z a s  and u n in o c u la t e d  c o n t r o l  seed I i n g s  w i t h  no c o n t a m in a n t  
mycorrhizas were re ta ined  and analysed f o r  t o t a l  n i t rogen ,  phosphorus 
and p o ta s s iu m  as d e s c r ib e d  in  S e c t i o n  5.1. As w i t h  t h e  p r e v i o u s  p o t  
e x p e r im e n t ,  s hoo t  b ra n c h in g  and r o o t  le n g th  d id  no t  appear  t o  change 
c o n s i s t e n t l y  w i th  e i t h e r  fungal  t rea tm en t  or  s o i l ,  and t h e r e fo r e  these 
data were disregarded in s t a t i s t i c a l  analyses.
The r e s u l t s  were analysed s t a t i s t i c a l l y  as d e s c r ib e d  in  S e c t i o n
6 .3 .
Mycorrhizal root formation
Examination by l i g h t  microscopy revealed contaminant mycorrh izas 
on some s e e d l i n g s .  Po ts  c o n t a i n i n g  c o n ta m in a te d  s e e d l i n g s  were 
exc luded  f rom s t a t i s t i c a l  a n a l y s i s .  A l l  t h e  f u n g i  t e s t e d  fo rm ed  
m y c o r r h i z a s ,  b u t  n o t  in  eve ry  s o i l .  T ab le  6.8 shows t h e  e x t e n t  o f  
mycorrh iza l  s ho r t  r o o t  fo rm a t ion  on the  seed l ing  r o o t  systems as the  
mean o f  4 r e p l i c a t e  t rea tments .
Mycorrh iza l  roo t  fo rm a t ion  in T i l h i l l  nursery s o i l  was very  poor,  
on I y t h e  ' E - s t r a i n ’ fungus  fo rmed m y c o r r h i z a s .  Pax ? I I us i n v o I u t u s  
formed mycorrhizas in Crychan and A ld e r h o l t  f o r e s t  s o i l s ,  and I r o n h i l l  
s o i l  o n l y .  The J*. t e r r e s t r  i s i s o l a t e s  fo rmed genera  I I y h i ghe r
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p ropo r t ion s  o f  mycorrh iza l  s ho r t  roo ts  than the o ther  fung i ,  except in 
the prepared compost.
Table 6.8 P ropor t ion  q±  s ho r t  roo ts  .forming rriycor r h.iza? i d . t h
d i f f e r e n t  ? nocul a on seed I ? ngs grown i n  d ? f  f  e ren t  soi I s 
I n  £ o t  exper iment 2
Treatment1*: I so la te  
number
XMean percentage mycorrh iza l  
sho r t  roo ts  in d i f f e r e n t  soi ls +
CRY ALD FER TIL IRO COM
PVD - 0 0 0 0 0 0
PVM - 0 0 0 0 0 0
A3 R66 94 87 82 74 61 96
B1 R56 58 50 67 0 21 58
Pi R61 76 57 0 0 23 0
TtN R67 96 94 96 0 96 66
TtF R34 96 96 97 0 91 55
/ v-~ 7 * >V'v -> t'7 i^
e x c lu d in g  con tam i na‘rod seeclTI;ngs^ \
PVD = water con t ro l  
PVM = MMN con t ro l  
A3 = ’ E - s t r a i n 1 fungus 
B1 = nursery basidiomycete 
Pi = £L. lD.y_oJ_u.t.U.§
TtN = X*. t e r r e s t r  is (nursery )  
TtF = L m_ t e r r e s t r  is  ( f o r e s t )
CRY = Crychan f o re s t  s o i I  
ALD = A ld e r h o l t  f o r e s t  s o i l  
FER = Ferndown f o r e s t  s o i l  
TIL = T i l h i l l  nursery s o i l  
IRO = I r o n h i l l  nursery s o i l  
COM = prepared compost
Growth
F ig u r e s  6.6 and 6.7 show t h e  e f f e c t  o f  d i f f e r e n t  m y c o r r h i z a l  
inocu la  on seed l ing  growth parameters in a range of  f o r e s t  and nursery  
type s o i l s .  The r e s u l t s  from the  s t a t i s t i c a l  ana lys is  o f  growth  data 
are presented in Tables 6.9a-6.9f .
I t  is  apparent t h a t  shoot dry we ight (SDW), roo t  dry we igh t  (RDW), 
t o t a l  dry we ight (TDIY), shoot length (SL), stem d iameter (SD) and a lso  
s h o o t - r o o t  r a t i o  (SR) can a l l  be a l t e r e a  by d i f f e r e n t  m y c o r r h i z a l  
inocula.  A la rge r  number of  s i g n i f i c a n t  changes are seen in SL, SD and
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Tables 6 .9 a -6 .9 f
S t a t i s t i c a l  d ? f f e r e n c e s  d e te c te d  between t r e a t m e n t s  f o r  d i f f e r e n t  
growth parameters a± the % . s i g n i f i c a n c e  level  in  Pot exper iment 2
KEY
InocuIum:
PVD -  un inocu la ted water con t ro l
PVM -  un inocu la ted MMN con t ro l
A3 -  ' E - s t r a i n 1 fungus
B1 -  u n i d e n t i f i e d  nursery basidiomycete
Pi -  E*. invo lu tus
TtN -  Xjl t e r r e s t r i s  (nursery )
TtF -  X*. t e r r e s t r i s  ( f o r e s t )
S o i l s :
CRY -  Crychan f o r e s t  
ALD -  A ld e r h o l t  f o r e s t  
FER -  Ferndown f o r e s t  
TIL  -  T i Ih i11  nursery 
IRO -  I r o n h i l l  nursery 
COM -  prepared compost
X° -  inoculated but non-mycorrhizal
The g ro w th  pa ra m e te r  v a lu e s  r e p r e s e n t  t h e  mean o f  4 rep I i c a t e  
t rea tments .
The F i s h e r ' s  l e a s t  s i g n i f i c a n t  d i f f e r e n c e  t e s t s  were  made on 
s u i t a b l y  t ransformed data (where x = o r i g i n a l  growth parameter v a l u e ) * .
Treatment values shar ing a l i n e  are not s i g n i f i c a n t l y  d i f f e r e n t  a t  
the  5% level  by the  LSD t e s t .
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sometimes SR than in the  dry weight measurements SDW, RDW and TDW.
In Crychan f o r e s t  s o i l  i nocuI a t  i on wi t h  P. i n v o l u t u s . ' E - s t r a  i n* 
fungus  o r  t h e J jL  t e r r e s t r  ? s i so I a tes  cons i s t e n t  I y i mproved seed l i n g  
g ro w th  pa ram e te rs  above th o s e  o f  th e  u n in o c u la t e d  s e e d l i n g s ,  b u t  B1 
inocu lum  inc reased  SL and S D o n l y .  The T. t e r r e s t r  i s i s o l a t e s  were 
s i g n i f i c a n t l y  more e f f e c t i v e  in i n c r e a s in g  g ro w th  than  th e  o t h e r  
mycorrh iza l  inocula.
In A ld e r h o l t  f o r e s t  s o i l  i nocu la t ion  w i th  'E - s t r a i n 1 fungus or  the 
T. t e r r e s t r i s  i s o l a t e s  c o n s i s t e n t l y  im p r o v e d  s e e d l i n g  g r o w t h  
p a r a m e te r s ,  w h i l s t  P. i n v o l u t u s  m y c o r r h i z a s  inc reased  SL, SD and SR, 
and i s o la te  B1 mycorrhizas improved SL and SD only.
In Ferndown f o r e s t  s o i l  i n o c u l a t i o n  w i t h  e i t h e r  o f  t h e  T.
t e r r e s t r i s  i s o la te s  increasea a l l  growth parameters.  'E - s t r a in '  fungus 
and i s o la t e  B1 mycorrhizas increased SL, SD and SR.
In T i l h i l l  n u r s e r y  s o i l  o n l y  t h e  ' E - s t r a i n *  fungus  fo rmed 
m y c o r r h i z a s ,  and so d i f f e r e n c e s  between i n o c u la  c o u ld  n o t  be t e s t e d  
reasonably by s t a t i s t i c s .
In I r o n h i I  I n u r s e r y  s o i l  no changes in SR o c c u r r e d  w i t h  any 
m y c o r r h i z a l  i n o c u l a t i o n .  I n o c u l a t i o n  w i t h  t h e  f o r e s t  i s o l a t e  o f  X*. 
t e r r e s t r  ? s in c reased  al I o t h e r  seed I ing g ro w th  p a ra m e te rs  above t h e  
un inocu la ted c o n t ro ls .  The nursery t e r r e s t r i s  and 'E - s t r a in '  fungus 
m y c o r r h i z a s  inc reased  most o t h e r  g ro w th  p a ra m e te rs ,  b u t  i s o l a t e  B1 
m y c o r r h i z a s  in c rea sed  SL o n l y .  I t  i s  im p o r t a n t  t o  no te  t h a t  in  t h i s
s o i l  the  PVI-; un inocu la ted con t ro l  seed l ings had s ign i  f  icanTl y la rge r  SL
and SD than the PVD un inocu la ted con t ro l  seedl ings.
In compost  a l l  s e e d l i n g  g ro w th  p a ram e te rs  were  s i g n i f i c a n t l y  
increased above those of  the un inocu la ted seed l ings a f t e r  i n o c u la t i o n  
w i t h  ' E - s t r a i n '  f ungus ,  i s o l a t e  61 and t h e  T. t e r r e s t r  i s i s o l a t e s .  
I s o la te  B1 was s i g n i f i c a n t l y  more e f f e c t i v e  then these o th e r  fung i  in 
t h i s  respect.
Comparing the  e f f e c t s  o f  in d iv idua l  t rea tm en ts  in d i f f e r e n t  s o i l s ,  
bo th  t h e  PVD and PVIi u n i n o c u la t e d  c o n t r o l  s e e d l i n g s  grew b e s t  in  
I r o n h i I  I n u r s e ry  s o i l ,  w h i l s t  t h e i r  g ro w th  in o t h e r  s o i l s  d i d  n o t  
d i f f e r  s i g n i f i c a n t l y .  The 'E - s t r a in '  fungus inoculum s t im u la te d  b e t t e r  
seed l ing growth in compost, I ronh i I  I nursery and Crychan f o r e s t  s o i l .  
Seedl ing growth was r e l a t i v e l y  poor w i th  'E - s t r a in '  fungus mycorrh izas  
i n Ferndown f o r e s t  and T i l h i l l  n u r s e r y s o i l s .  I so I a t e  B1 in c re a s e d  
s e e d l i n g  g ro w th  more in I ronh i I I s o i l  and compost than  in  t h e  o t h e r
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s o i l s .  I n o c u l a t i o n  w i t h  i nvo I u tus  was t h e  most e f f e c t i v e  in 
increas ing seed l ing growth in Crychan f o r e s t  s o i l ,  and the nursery and 
f o r e s t  i s o l a t e s  o f  T. t e r r e s t r i s  improved s e e d l i n g  g ro w th  more in 
Crychan and A i d e r h o l t  f o r e s t  so i I s  and I ronh i I  I n u r s e ry  so i I  than  in  
o t h e r  soi I s.
In t h i s  e x p e r im e n t  t h e  ’ E - s t r a i n 1 fungus formed c o m p a r a t i v e l y  
large numbers o f  mycorrh iza l  sho r t  roo ts  in a l l  s o i l s  (Table 6.8), and 
y e t  was no t  a lw ays  t h e  most e f f e c t i v e  fungus in p ro m o t in g  seed l  ing 
g r o w th .  A l th o u g h  t h i s  was th e  o n l y  inocu lum  t o  fo rm  m y c o r r h i z a s  in  
Ti  I h i I I so i  I , i t s  p e r fo rm a n c e  in t h  i s so i  I was poor i n compar i son t o  
t h a t  in o the r  s o i l s .  I s o la te  B1 formed compara t ive ly  few mycorrh izas.  
Al though t h i s  inoculum s t im u la ted  growth on ly  s l i g h t l y  in the  f o r e s t  
s o i l s ,  i t s  e f f e c t  in I ronh i11 nursery s o i l  was good and in compost was 
s i g n i f i c a n t l y  b e t t e r  than  any o t h e r  t r e a t m e n t ,  in s p i t e  o f  t h e  low 
level  o f  mycor rhizal  r o o t  fo rm a t ion  by t h i s  fungus, Pax i I  I us i nvoIu tus  
formed m y c o r r h i z a s  in o n l y  t h r e e  s o i l s ,  b u t  t h e s e  m y c o r r h i z a s  
s i g n i f i c a n t l y  improved seed I i  ng g ro w th  in  Crychan f o r e s t  so i I on I y. 
I nocu la t ion  w i th  the i s o la te s  o f  I*, t e r r e s t r i s  c o n s i s t e n t l y  increased 
seed l ing  growth in most s o i l s ,  and these i so la tes  were s i g n i f i c a n t l y  
more e f f e c t i v e  than the  o ther  mycorrh iza l  inocula in the  th re e  f o r e s t  
s o i l s .  No s i g n i f i c a n t  d i f f e re n c e s  between the t e r r e s t r i s  i s o la te s  
w i t h  r e s p e c t  t o  t h e i r  e f f e c t s  on s e e d l i n g  g r o w th ,  as found in  Po t  
exper iment  1, were detected in t h i s  exper iment.
Thus d i f f e r e n t  mycorrh iza l  fungi  are again shown t o  be more su i ted  
t o  d i f f e r e n t  s o i l  types.
The r e la t i o n s h ip  between t o ta l  biomass o f  seed l ings and percentage 
m y c o r r h i z a l  s h o r t  r o o t  f o r m a t i o n  v a r i e s  w i t h  s o i l  t y p e  ( F ig s .  6 .8a -  
6.8 f ). As w i t h  Brarnsh i I I f o r e s t  so i I in Po t  exper  i ment 1, t h e  t o t  a I 
d ry  w e ig h t  o f  s e e d l i n g s  in c re a s e s  a long a c u rv e  w i t h  p e rc e n ta g e  
m y c o r r h i z a l  f o r m a t i o n  in t h e  t h r e e  f o r e s t  s o i l s .  However,  in  bo th  
I ronh i I  I nursery s o i l  and compost the r e la t i o n s h ip  is  less c le a r .  In 
I r o n h M l  nursery s o i l  seed l ings o f  s i m i l a r  biomass vary from having 0% 
t o  o v e r  90£ m y c o r r h i z a l  s h o r t  r o o t s .  In compost  t h e  i s o l a t e  B1 
mycorrh izas appear t o  s t im u la te  much g rea te r  biomass p roduc t ion  than 
the o the r  mycorrh izal  types,  and t h i s  is achieved w i th  lower le v e ls  of  
mycorrh iza l  roo t  fo rmat ion .
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Figure 6.
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Relationship between total dry weight and percentage 
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Tables 6.10a-6.10c
S t a t i s t i c a l  d i f  f e re n c e s  d e te c te d  between t r e a t m e n t s  Io n  .d i .f f e irgJlT 
n u t r i  e n t  c o n c e n t r a t i o n s  t h e  51  I eve I o f  s i gn? f  i cance  j_n P o t  
exper i ment 2
KEY
Inoculum:
PVD -  uninocu la ted water con t ro l
PVM -  un inocu la ted MMN con t ro l
A3 -  ’ E - s t r a i n 1 fungus
B1 -  u n i d e n t i f i e d  nursery basidiomycete
Pi -  E*. invo lu tus
TtN -  L .  t e r r e s t r i s  (nursery )
TtF -  X*. t e r r e s t r i s  ( f o r e s t )
S o i I s :
CRY -  Crychan f o re s t  
ALD -  A l d e r h c l t  f o r e s t  
FER -  Ferndown f o re s t  
TIL -  T i l h i l l  nursery 
IRO -  Ironh i I  I nursery 
COM -  prepared compost
X° -  inoculated but non-rnycorrhizal
The n u t r i e n t  c o n c e n t r a t i o n  v a lu e s  r e p r e s e n t  t h e  mean o f  4 
r e p l i c a t e  t rea tments .
The F i s h e r ' s  l e a s t  s i g n i f i c a n t  d i f f e r e n c e  t e s t s  were  made on 
s u i t a b l y  t ransformed data (where x = o r i g i n a l  n u t r i e n t  c o n c e n t r a t i o n  
va lue)  .
Treatment values shar ing a l i n e  are not s i g n i f i c a n t l y  d i f f e r e n t  a t  
the 5/o level  by the LSD t e s t .
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Mineral  ana lys is
F ig u r e s  6.9-6.11 show th e  m in e ra l  c o n c e n t r a t i o n s  o f  s e e d l i n g  
shoots in the presence of  d i f f e r e n t  mycorrh izal  fungi  a f t e r  growing in 
d i f f e r e n t  n u rs e ry  and f o r e s t  s o i l  t y pes .  The r e s u l t s  f rom  t h e  
s t a t i s t i c a l  ana lys is  of  these data are presented in Tables 6.10a-6.10c.
In Crychan f o r e s t  s o i l  a l l  mycorrh izal  seed l ings had h igher  shoot 
phosphorus concen t ra t ions  than un inoculated con t ro l  seed l ings ,  a l though 
s e e d l i n g s  w i t h  i s o l a t e  B1 m y c o r r h i z a s  had s i g n i f i c a n t l y  lo w e r  
c o n c e n t r a t i o n s  than  w i t h  o t h e r  m y c o r r h i z a l  in o c u la .  The p e r c e n ta g e  
shoot potassium was s i g n i f i c a n t l y  reduced in seed l ings inocu la ted w i t h  
e i t h e r  of  the T. t e r r e s t r i s  i s o la te s ,  but  was not changed by any o the r  
mycorrh iza l  inocula in comparison t o  the uninoculated c o n t ro ls .  There 
were no s i g n i f i c a n t  changes in shoo t  n i t r o g e n  c o n c e n t r a t i o n  in  t h i s  
soi I .
In A ld e rh o  I t  f o r e s t  s o i l  aga in  a l l  r n y c o r rh i z a I  s e e d l i n g s  had 
h i g h e r  shoo t  phosphorus  c o n c e n t r a t i o n s  then  u n in o c u la t e d  c o n t r o l  
seed l ings,  but seedl ings mycorrh izal  w i th  ’E - s t r a in '  fungus o r  i s o la t e  
B1 had s i g n i f i c a n t l y  low er  c o n c e n t r a t i o n s  than  thos e  w i t h  t h e  o t h e r  
t h r e e  m y c o r r h i z a l  f u n g i .  The s hoo t  po tass ium  c o n c e n t r a t i o n  was 
s i g n i f i c a n t l y  lower in seed I ings mycorrhizaI  w i th  fE - s t r a i n ’ fungus or  
t h e  i so I a tes  o f  J*. t e r r e s t r  i s than  i n t h e u n i n o c u l  a ted  c o n t r o  I s and 
o the r  inoculated seedl ings.  There were no s i g n i f i c a n t  changes in shoot 
n i t rogen  concen t ra t ion  in t h i s  s o i l .
In Ferndown f o r e s t  s o i l  a l l  mycorrh iza l  seed l ings had h igher  shoot 
phosphorus concen t ra t ions  than the un inocu la ted con t ro l  seed l ings .  A l l  
t h e  i n o c u la te d  s e e o l i n g s  had s i g n i f i c a n t l y  lower leve ls  o f  potassium 
and h igher  leve ls  o f  n i t rogen  than the un inocu la ted c o n t ro ls .
In T i l h i l l  n u r s e ry  s o i l  o n l y  t h e  ' E - s t r a i n *  fungus  fo rmed 
m y c o r r h i z a s .  These m y c o r r h i z a l  s e e d l i n g s  had s i g n i f i c a n t l y  h i g h e r  
shoot phosphorus concen t ra t ion ,  but t h e i r  potassium and n i t ro g e n  le v e ls  
did not d i f f e r  from the uninocu la ted c o n t ro ls .
In Ironh i I  I nursery s o i l  on ly  those seeol ings mycorrh iza l  w i th  the  
n u r s e r y  i s o l a t e  o f  X t  t e r r e s t r  i s had h i g h e r  s h o o t  p h o s p h o r u s  
concen t ra t ions  than the un inoculated c o n t r o l s ,  and seed l ings inocu la ted  
w i t h  'E - s t r a i n *  fungus  had s i g n i f i c a n t l y  lo w e r  l e v e l s .  S e e d l i n g s  
inoculated w i th  the f o r e s t  i s o la te  of  L .  t e r r e s t r  is had s i g n i f i c a n t l y  
lower shoot potassium leve ls ,  no o the r  mycorrh izal  t rea tm en t  d i f f e r e d  
from th e  c o n t r o l s .  I n o c u l a t i o n  w i t h  ' E - s t r a i n '  fungus o r  t h e  T.
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t e r r e s t r i s  i so la tes  led t o  a s i g n i f i c a n t l y  lov/er shoot n i t rogen  le ve l .
In th e  p repared  compost  s e e d l i n g s  i n o c u la te d  wiTh ' E - s t r a i n '  
fungus o r  i s o l a t e  B1 had s i g n i f i c a n t l y  h ig h e r  shoo t  phosphorus 
c o n c e n t r a t i o n s  than th e  c o n t r o l s ,  th e  ' E - s t r a i n '  fungus i n o c u l a t i o n  
r e s u l t i n g  in a s i g n i f i c a n t l y  higher phosphorus level than in o c u la t i o n  
w i th  i s o la t e  B1. Shoot potassium concen t ra t ion  was not a l te red  by any 
mycorrh iza l  inocula.  Seedl ings mycorrh iza l  w i th  the f o r e s t  i s o la te  of  
I* ,  t e r r e s t r i s  had lo w e r  shoo t  n i t r o g e n  c o n c e n t r a t i o n s  than  th e  
u n i n o c u l a t e d  c o n t r o l  s e e d l  i n g s ,  none o f  t h e  o t h e r  m y c o r r h i z a l  
t rea tm en ts  d i f f e r e d  s i g n i f i c a n t l y  f rom the c o n t ro ls  in t h i s  respect.
The r e s u l t s  show t h a t  shoot phosphorus concen t ra t ion  was increased 
in the th ree  f o r e s t  s o i l s  by the presence of  a l l  mycorrh izal  fung i .  In 
the o ther  s o i l s  on ly  c e r t a in  mycor rhizal  fungi  changed the  phosphorus 
concen t ra t ion  in comparison t o  the uninocu lared c o n t ro ls ,  but  i t  should 
be noted t h a t  in compost  and p a r t i c u l a r l y  I ronh i I  I n u r s e ry  s o i l  t h e  
u n i n o c u la t e d  c o n t r o l s  grew s i g n i f i c a n t l y  b e t t e r  than  in t h e  f o r e s t  
s o i l s .  I t  was also not iced t h a t  in I ro n h i I  I nursery s o i l  and compost 
t h e  PVD u n in o c u la t e d  s e e d l i n g s  had s i g n i f i c a n t l y  h i g h e r  phosphorus 
c oncen t ra t ion  than the PVM un inocuiated seedl ings.
Comparing shoot potassium concen t ra t ions ,  in the f o r e s t  s o i l s  some 
mycorrh iza l  inocula were associated w i th  a decrease in shoot potassium. 
This was p a r t i c u l a r l y  no t iceab le  in the seedl ings mycorrh iza l  w i th  T. 
t e r r e s t r i s . which also had the la rge s t  dry we igh t  increases. Changes 
in shoo t  po tass ium  c o n c e n t r a t i o n s  were le ss  pronounced in  t h e  o t h e r  
so i I  s.
There  were few changes in s hoo t  n i t r o g e n  c o n c e n t r a t i o n  w i t h  
d i f f e r e n t  m y c o r r h i z a l  i n o c u la  e x c e p t  in  I r o n  h i l l  s o i l  where sorae 
mycorrh iza l  types decreased n i t rogen ,  and in Ferndown f o r e s t  s o i l  where 
a l l  mycorrh izal  seed l ings had h igher  n i t rogen  concen t ra t ions  than the 
un inocu la ted con t ro l  seedl ings.
The changes in s h o o t  phosphorus  c o n c e n t r a t i o n  w i t h  s p e c i f i c  
mycorrh iza l  fung i  appeared t o  a l t e r  w i th  s o i l  type. For instance,  the 
s e e d l i n g s  in o c u la te d  w i t h  th e  ' E - s t r a i n '  fungus  o r  i s o l a t e  B1 had 
h igher  phosphorus leve ls  when grown in compost than in o ther  s o i l s ,  but  
t h e  T. t e r r e s t r i s  i s o l a t e s  were r e l a t i v e l y  i n e f f e c t i v e  in inc reas ing  
phosphorus concen t ra t ion  in t h i s  s o i l .  Whereas ' E - s t r a i n '  f ungus  and 
i s o l a t e  B1 m y c o r r h i z a s  were less  e f f e c t i v e  than J*. t e r r e s t r  ? s
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m y c o r r h i z a s  in i n c r e a s in g  shoo t  phosphorus c o n c e n t r a t i o n  in t h e  
A ld e r h o l t  f o re s t  s o i l .
A lm o s t  a l l  t h e  m y c o r r h i z a l  t r e a t m e n t s  had s i g n i f i c a n t l y  lower  
potassium concen t ra t ions  in I ronhi11 nursery s o i l  than in o ther  s o i l s .  
I t  is in te r e s t in g  t o  note t h a t  the PVD and PVi-1 un inocu la ted seed l ings 
and ' E - s t r a i n *  fungus i n o c u la te d  s e e d l i n g s  a l l  had t h e i r  h i g h e s t  
potassium concen t ra t ions  in T i l h i l l  nursery s o i l .
Shoot n i t rogen  concen t ra t ion  was no t iceab ly  lower in compost-grown 
s e e d l i n g s  f o r  a l l  t r e a t m e n t s ,  whereas t h e  t h r e e  f o r e s t  s o i l s  a re  
assoc ia ted w i th  compara t ive ly  high shoot n i t rogen  concen t ra t ions .
I t  i s  i n t e r e s t i n g  t o  f i n d  t h a t  in Crychan and A l d e r h o l t  f o r e s t  
s o i l s  s e e d l i n g s  m y c o r r h i z a l  w i t h  i n vo I u tus  were s i g n i f i c a n t l y  
s m a l l e r  than th o s e  w i t h  X». t e r r e s t r  ? s m y c o r r h i z a s ,  and y e t  t h e s e  
t r e a t m e n t s  d id  no t  d i f f e r  in shoo t  phosphorus c o n c e n t r a t i o n .  There  
were a l s o  s i g n i f i c a n t  d i f f e r e n c e s  between t h e  tw o  i s o l a t e s  o f  T. 
t e r r e s t r i s  in t h e i r  capac i ty  t o  increase shoot phosphorus c once n t ra t io n  
in I ronh  i I  I nu rs e ry  s o i l  and compost ,  and t o  change p o ta s s iu m  
c o n c e n t r a t i o n  in  I ronh  i I  I n u r s e ry  s o i l .  Seed I i n g s  m y c o r r h i z a I  w i t h  
i s o l a t e  B1 were s i g n i f i c a n t l y  l a r g e r  than thos e  w i t h  ' E - s t r a i n '  
mycorrhizas in compost, and ye t  the presence o f  'E -s t ra in *  mycorrhizas  
increased shoot concen t ra t ions  o f  phosphorus and potassium in t h i s  s o i l  
t o  a g rea te r  ex ten t  than w i th  i s o la te  B1 mycorrhizas.
Pearson c o r r e l a t i o n  c o e f f i c i e n t s  were c a l c u la te d  between shoot 
concen t ra t ion  o f  the measured n u t r i e n t s  anc shoot dry we igh t  f o r  ' a l l  
s o i l s  except T i l h i l l  ( i n s u f f i c i e n t  data) (Table 6.11).
F ig u re s  6.12-6.14 show s c a t t e r  d iag ram s  f o r  t h e  r e l a t i o n s h i p s  
between the shoot concen t ra t ions  of  each mineral  and shoot dry we igh t  
in the d i f f e r e n t  s o i l s .
In t h e  t h r e e  f o r e s t  s o i l s  and c o m p o s t  s h o o t  p h o s p h o r u s  
c o n c e n t r a t i o n  in c re a s e s  w i t h  biomass i n c re a s e ,  and s hoo t  p o ta s s iu m  
decreases  w i t h  biomass in c re a s e .  N e i t h e r  phosphorus  nor  p o ta s s iu m  
c o n c e n t r a t i o n s  a re  c o r r e l a t e d  t o  s hoo t  b iomass in I ronh  i I  I n u r s e r y  
s o i l .  The c o r r e la t i o n  between shoot n i t rogen  level and shoot biomass 
va r ies  w i th  s o i l  type. I t  should be noted t h a t  the c o r r e l a t i o n  between 
shoot dry we ight and phosphorus concen t ra t ion  in Crychan f o r e s t  s o i I  is 
i n i t i a l l y  p o s i t i v e  and then becomes negat ive  a t  h igher  biomass values.
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Figure 6-12 Relationship between shoot phosphorus concentration
and dry weight of seedlings grown in different soils
in Pot experiment 2
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Figure 6.13 Relationship between shoot potassium concentration
and dry weight of seedlings grown in different soils
in Pot experiment 2
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Figure 6.14 Relationship between shoot nitrogen concentration
and dry weight of seedlings grown in different
soils in Pot experiment 2
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T h is  may a l s o  be t h e  case in t h e  o t h e r  s o i l s  w i t h  t h i s  p a r t i c u l a r  
c o r r e l a t i o n .
Table 6.11 C o r re la t i o n  between dry we ight and n u t r i e n t  concen t ra t ion  
o f  shoots from d i f f e r e n t  s o i I s  in Pot experiment 2
Compar i son Soi 1 C o r re la t i o n  
c o e f f  i c i e n t
df Signi  f  icance 
of  c o r r e la t i o n
Type of  
c o r r e l a t  ion
SDW t o  %P Crychan +0.452 17 5 M p o s i t i v e
SDW t o  £K Crychan -0.847 17 0.1W negat ive
SDK to Crychan -0.608 18 1 .o$; negat ive
SDW to  £P A ld e rh o l t +0.560 18 1 .o£ pos i t i  ve
SDW to  %K A ld e rh o l t -0.887 18 0 . 15; negati  ve
SDW to A ld e rh o l t -0 .402 17 >5 . 0^ none
SDW t o  £P Ferndown +0.526 22 1 .o£ p o s i t i v e
SDW t o Ferndown -0.628 22 0.1% negat ive
SDW t o  J>N Ferndown +0.446 22 5 .0£ p o s i t i v e
SDW to  £P 1ronh i 11 -0.047 22 V VJl 0 ">-r\ none
SDW t o  %Y\ 1ronh i 11 -0.269 22 >5.0£ none
SDW to 1ronh i 11 -0.897 22 0.1£ negat ive
SDW t o  %P Compost +0.425 21 5 .Op pos i t  i ve
SDW to  %K Compost -0.480 21 5.0% negat ive
SDW t o  %H Compost -0.052 22 > 5 .Op none
Growth ra te  analysis
The growth ra tes  of  seed I ings were es t imated by measuring shoot 
he igh ts  a t  regu la r  t im e  in te r v a l s ,  t h i s  being a no n -d e s t ru c t iv e  method 
o f  g ro w th  r a t e  a n a l y s i s .  The i n i t i a l  shoo t  h e i g h t  a t  p l a n t i n g  was 
subt rac ted  from a l l  subsequent shoot he igh t  measurements be fore  f u r t h e r  
a n a l y s i s .  Growth r a t e  cu rv e s  a re  p res en tea  in F i c s .  6 . 1 5 a - 6 .1 5 f  and 
show the mean shoot he igh t  increase from 4 r e p l i c a t e  pots a ga ins t  t im e .  
The mean s hoo t  h e i g h t  v a lu e s  f o r  each po t  a t  8, 12 and 16 weeks a f t e r  
i n o c u l a t i o n  were used t o  c a l c u l a t e  a b s o lu t e  gr jv / th r a t e s  (AGP*) by 
l i n e a r  r e g r e s s i o n  a n a l y s i s .  R e l a t i v e  g ro w th  r a t e s  (RGR) were 
c a l c u l a t e d  us ing  th e  da ta  a f t e r  t r a n s f  or raat  i on t o  t h e  n a t u r a l  
l o g a r i t h m i c  v a lu e  b e fo r e  l i n e a r  r e g r e s s i o n  a n a l y s i s  ( IVare ing  and 
P h i l l i p s ,  1978). The 95£ conf idence l i m i t s  f o r  the AGR and RGR values
1 1 4
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T a b l e  6 .12
A b s o lu te  g r o w th  r a t e s  o±  seed I ings grnwR  I n  d i f f e r e nt  £Q,i Is  j t f i l i i  
,d i f f o r o n l  m.y.corr .h izaI  fung i  l a  Rq± exper iment 2
Treatment Growth ra te  between Treatment Growth r a te  between 
8 and 16 weeks w i th  8 and 16 weeks w i th
95$ conf idence l i m i t s  95$ conf idence l i m i t s
(mm week ” 1) (mm week
CRYCHAN • TILHILL
PVD 0.250 + 0.021 PVD 0.375 + 2.744*
PVM 0.000 + 1 .830* PVM 0.344 + 0.388
A3 3.188 + 0.372 A3 1.594 + 0.951
B1 0.875 + 1 .324 B1° 0.250 + 0.000*
Pi 2.156 + 0.778 P i ° 0.312 + 0.305
TtN 6.844 + 1 .252 TtN° - . -
TtF 5.781 ± 0.524 TtF° 0.094 + 1.642
ALDERHOLT IRONHILL
PVD 0.000 ± 0.094 PVD 2.875 + 0.644
PVM 0.000 ± 0.158 PVM 3.625 + 3.514
A3 2.938 + 2.015 A3 2.969 + 2.027
B1 0.417 + 0.996 B1 3.719 ± 0.512
Pi 0.625 + 2.744* Pi 1.752 ± 3.672*
TtN 4.219 + 2.422 TtN 3.312 ± 2.611
TtF 5.125 + 1 .266 TtF 4.250 ± 1 .983
FERNDOWN COMPOST
PVD -0.031 + 0.270 PVD 0.250 ± 0.483
PVM 0.250 + 0.443 PVM 0.438 ± 0/526
A3 1.562 0.742 A3 3.844 ± 1.606
B1 0.594 + 0.299 B1 5.719 + 3.358
P i ° 0.042 ± 0.442 P i ° 0.406 + 0.778
TtN 3.062 + 0.896 TtN 3.937 + 3.509
TtF 4.656 + 1 .415 TtF 2.781 + 0.967
T e n ta t iv e  r a te  values having been generated from 3 data p o in t s  on ly
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Table 6.13
Re I a t  i ve g ro w th  r a t e s  Q± seed I i n g s grown I n  d i f  f e r e n t  s o i  Is w i t h  
d i f f e r e n t  mycorrh iza l  fung i  in Pot exper iment 2
Treatment R e la t iv e  growth ra te  
w i th  95$ conf idence 
in te rv a l  (8-16 weeks) 
(week” ^ )
Treatment R e la t ive  growth ra te  
w i th  95$ conf idence 
in te rva l  (8-16 weeks) 
(week” ^ )
CRYCHAN TILHILL
PVD 0.046 ±  0.403 PVD 0.070 ±  0.508*
PVM 0.000 ±  0.241* PVM 0.054 ±  0.062
A3 0.186 ±  0.042 A3 0.151 ±  0.074
B1 0.109 ±  0.289 B1° 0.050 ±  0.508*
Pi 0.186 ±  0.049 P i ° 0.096 ±  0.067
TtN 0.148 ±  0.020 TtN° -
TtF 0.150 ±  0.013 TtF° 0.032 ±  0.056
ALDERHOLT 1RONHILL
PVD 0.000 ± 0 . 2 7 2 PVD 0.091 ±  0.200
PVM 0.000 ±  0.064 PVM 0.081 ±  0.066
A3 0.182 ±  0.172 A3 0.091 ±  0.053
B1 0.002 ±  0.164 B1 0.108 ±  0.016
Pi 0.101 ±  0.343* Pi 0.151 ±  0.572*
TtN 0.160 ±  0.087 TtN 0.122 ±  0.082
TtF 0.154 ±  0.033 TtF 0.141 ±  0.060
FERNDOWN COMPOST
PVD -0.013 ±  0.067 PVD 0.039 ±  0.078
PVM 0.032 ±  0.062 PVM 0.068 ±  0.085
A3 0.146 ±  0.071 A3 0.148 ±  0.060
B1 0.076 ±  0.036 B1 0.149 ± 0 . 0 9 4
P i ° 0.018 ±  0.083 P i ° 0.056 ±  0.098
TtN 0.212 ±  0.060 TtN 0.170 ± 0 . 1 3 1
TtF 0.168 ±  0.058 TtF 0.170 ±  0.047
%
Ten ta t ive  r a te  values having been generated from 3 data p o in t s  on ly
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v/ere determined using the  standard e r ro r  o f  the ca lcu la ted  g rad ien ts  
( g ro w th  r a t e s )  (Hunt ,  1978) (see Append ix  2). The AGR and RGR v a lu e s  
fo r  in d iv id u a l  inocula in d i f f e r e n t  s o i l s  are presented in Tables 6.12 
and 6.13.
In Crychan f o r e s t  soi I the growth ra te  curves show t h a t  the  two T. 
t e r r e s t r  is  i n o c u la  caused a g ro w th  in c re a s e  above th e  u n i n o c u la t e d  
c o n t r o l s  a f t e r  4 weeks, whereas the  ’E - s t r a i n 1 fungus and Ex. in vo lu tus  
i n o c u la  s t a r t e d  t o  s t i m u l a t e  g ro w th  a f t e r  8 weeks, and i s o l a t e  B1 
inocu lum  between 12 and 16 weeks. S i g n i f i c a n t  d i f f e r e n c e s  in AGR 
v a lu e s  a t  8-16  weeks are  seen between th e  d i f f e r e n t  m y c o r r h i z a l  
inocula.  The RGR values show no s i g n i f i c a n t  d i f fe renc es  between these 
inocu la .
In A ld e r h o i t  s o i l  i nocu la t ion  w i th  the X*. t e r r e s t r  is i s o la te s  or  
’E - s t r a i n 1 fungus caused a s t im u la t i o n  in shoot he igh t  growth a f t e r  4 
weeks. I s o la te  B1 and £*. in vo lu tus  mycorrhizas did not a f f e c t  growth 
r a t e  u n t i l  a f t e r  12 weeks. A b s o lu te  g ro w th  r a t e s  were h i g h e r  w i t h  
inocu la  of  T. t e r r e s t r i s  and ’E - s t r a i n ’ fungus than in the  un inocu la ted  
c o n t r o l s .  A l th ough  t h e  RGR o f  t h e s e  i n o c u l a t e d  s e e d l i n g s  d i d  no t  
d i f f e r  from the PVD con t ro l  seed l ings,  seed l ings inocu la ted w i th  e i t h e r  
o f  the T. t e r r e s t r i s  i s o la te s  had s i g n i f i c a n t l y  h igher RGR than the  PVM 
con t ro l  seed l ings ( these seedl ings showed less v a r i a t i o n  than th e  PVD 
c o n t r o l s ) .  There  were no d i f f e r e n c e s  in  t h e  RGR o f  s h o o ts  w i t h  
d i f f e r e n t  mycor rhizal  inocula.
In Ferndown f o r e s t  s o i l  inocu la t ion  w i th  the f o r e s t  i s o l a t e  o f  T. 
t e r r e s t r i s  s t im u la te d  shoot growth a f t e r  4 weeks, and w i th  ’E - s t r a i n '  
fungus or  the nursery i s o la te  o f  J,. t e r r e s t r  is a f t e r  8 weeks. The AGR 
o f  th e s e  t h r e e  t r e a t m e n t s  d i f f e r e d  s i g n i f i c a n t l y  f rom  th e  c o n t r o l  
s e e d l i n g s .  The two  T. t e r r e s t r  i s i s o l a t e s  caused a h i g h e r  RGR o f  
shoots than in the un inocu la ted  c o n t r o l  s e e d l i n g s .  I n o c u l a t i o n  w i t h  
'E - s t r a in '  fungus was associated w i th  h igher RGR values than in the  PVD 
co n t ro ls .  The two T. t e r r e s t r i s  i s o la te s  d i f f e r e d  from i s o l a t e  B1 in 
t h e i r  e f f e c t  on RGR.
In T i l h i l l  s o i l  on ly  the 'E - s t r a in '  fungus formed mycorrh izas ,  but
t h e  m y c o r r h i z a l  s e e d l i n g s  d id  no t  have h i g h e r  AGR o r  RGR th a n  t h e
c o n t r o l  seedl ings.
In I ronh i I I s o i l  none of  the  mycorrh iza l  seedl ings d i f f e r e d  from
the un inocu la ted con t ro l  seed l ings in e i t h e r  AGR or  RGR.
In compost inocu la t ion  w i th  i s o la te  B1 caused an increase in shoot
1 1 8
he igh t  extens ion above the uninocuIated c o n t ro ls  between 0 and 4 weeks, 
t h e  o t h e r  m y c o r r h i z a l  i n o c u l?  s t i m u l a t e d  g row th  a f t e r  4 weeks. 
Seedl ings mycorrh iza l  w i th  'E - s t r a i n 1 fungus, i s o la te  B1 and the f o r e s t  
i so l  a te  o f  T. t e r r e s t r i s  had h ig h e r  AGR v a lu e s  than th e  un i n o c u Ia te d  
c o n t ro ls .  Seedl ings w i th  mycorrhizas o f  the f o re s t  I*, t e r r e s t r i s  had a 
h i g h e r  RGR than  th e  PVD c o n t r o l  s e e d l i n g s ,  bu t  no t  t h e  PVM c o n t r o l  
seedl ings.
6.3.3 Tube exper iment  1
An assessment o f  'Leach tubes' f o r  mycorrh izal  s e le c t i o n  s tud ies  
was made. These con ta iners  are s i m i l a r  t o  those used by some f o r e s t r y  
se rv ices  t o  produce ' tubed' o r  'con ta ine r ized '  seeal ings.  These tubes 
may be more useful  than p la n t  pots f o r  i n i t i a l  screening o f  mycorrh iza l  
fung i ,  because a la rge r  number of  t rea tm ents  can be tes ted  in the  same 
u n i t  area.
The tube bioassays were designed t o  compare the growth e f f e c t s  o f  
f o r e s t  and nursery is o la te s  o f  m y c o r r h i z a l  f u n g i  on sp ruce  seed I i n g s  
growing i n i r o n h i I  I nursery and Bram sh i l l  f o r e s t  s o i l .  The tubes were 
prepared and planted as descr ibed in Sect ion 4.6.4. The two s o i l s  used 
were not f e r t i I i z e d .
The seed l ings were harvested a f t e r  8 months growth in glasshouse 
cond i t ion s  (4.7), and var ious  growth p a ra m e te rs  were measured (4 .8 .2 ) .  
Root l e n g th  and stem b r a n c h in g  d id  n o t  appear t o  be a f f e c t e d  by 
d i f f e r e n t  inocula or  s o i l s ,  and so these data were not used in f u r t h e r  
a n a ly s e s .  The r e s u l t s  were ana lysed  by t h e  s t a t i s t i c a l  methods 
descr ibed in Sect ion 6.3.
Mycorrhizal root formation
No m y c o r r h i z a l  c o n t a m in a t i o n  was found on u n in o c u la t e d  c o n t r o l  
s e e d l i n g s ,  and e x a m in a t io n  by l i g h t  m ic ro s c o p y  c o n f i r m e d  t h a t  t h e  
inocu la ted seedl ings were mycorrh iza l  w i th  the t e s t  fungus added t o  the  
s o i  I. Tab le  6.14 shows th e  pe rcen tag e  o f  m y c o r r h i z a l  s h o r t  r o o t s  on 
the  seed l ing  r o o t  systems as the  mean of  8 r e p l i c a t e  t rea tm ents .
The Iephora  t e r r e s t r  i s . L. am ethys tea  and i s o l a t e  B1 fo rm ed  
mycorrhizas in both s o i l s .  Cenococcum geophi I urn. P. t i n c t o r i u s  and P. 
in vo lu tus  did not form mycorrhizas in e i t h e r  s o i l .
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Table 6.14 Propo r t ion  o f  s ho r t  roo ts  forming mycorrhizas w i th
d i f f e r e n t  inocula m  seed l incs  grown in two s o i I s  I n  
Tube exp.e r .i jiienx 1
Treatment I s o la te  Mean percentage of
number mycorrh iza l  s ho r t  roo ts  
Nursery so i I  Forest  soi I
PVD con t ro l - 0 0
T. t e r r e s t r i s  (nursery ) R67 73 78
Is o la te  B1 R56 57 69
P. t i n c t o r i u s S18 0 0
L. amethystea S 6 83 85
P. in vo lu tus R61 0 0
C. geophi lum ( A l i c e  H o l t ) R53 0 0
firjcmth
Figures 6.16 and 6.17 show the  e f f e c t s  o f  the  mycorrh iza l  fung i  on 
seed l i n g  g ro w th  in t h e  two  so i I  s. The r e s u I t s  f rom th e  s t a t  i s t i  ca I  
a na lys is  o f  growth data are presented in Tables 6.15a-15f.
In t h e  n u rs e r y  s o i l  a l l  t h e  m y c o r r h i z a l  f u n g i  s i g n i f i c a n t l y  
in c re a s e d  s h o o t  dry  w e ig h t  (SDW), r o o t  d ry  w e ig h t  (RDW), t o t a l  d ry  
w e ig h t  (TDW), shoo t  l e n g th  (SL) and stem d ia m e te r  (SD) above t h e  
uninocuIated con t ro l  seed l ings.  These fungi  included P. i n v o lu tu s . P. 
t  i n c t o r  i us and C. geoph i I urn wh ich  d id  n o t  fo rm  m y c o r r h i z a s  in  t h i s  
s o i l .  No s i g n i f i c a n t  d i f f e r e n c e s  b e tw e e n  t h e  e f f e c t s  o f  t h e  
m y c o r r h i z a l  i n o c u la  were d e te c te d .  S h o o t - r o o t  r a t i o  :(SR) was n o t  
a l te re d  by any o f  the mycorrh iza l  fung i .
In the  f o r e s t  s o i l  a l l  the growth parameters,  in c lud ing  SR, were 
s i g n i f i c a n t l y  in c reased  by i n o c u l a t i n g  seed I ings w i t h  i s o l a t e  B1, JL_ 
amethystea or  Xl t e r r e s t r  i s . a l though in o c u la t io n  w i th  i s o l a t e  B1 was 
less b e n e f i c ia l  than w i th  these o the r  fung i .
Comparing th e  e f f e c t s  o f  i n d i v i d u a l  f u n g i  in  t h e  tw o  s o i l s ,  
seedl ings inocu la ted w i th  t i n c t o r i u s . geophi lumf E l i n v o lu tu s  or  
i s o l a t e  B1 were in gen e ra l  s i g n i f i c a n t l y  l a r g e r  in  t h e  n u r s e r y  s o i l  
t han  in t h e  f o r e s t  so i I , and th  i s was a I so t r u e  o f  t h e  un i nocu I a ted
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Tables 6 .15a-6 .15 f
S t a t i s t i c a l  d ? f f e r e n c e s  d e te c te d  t r e a t m e n t s  io r d ? f f e r e n t
gr-fl^th parameters a± ±he 51 s ig n i f i c a n c e  level  i n  Tube expe r?ment 1
KEY
I nocu I um:
PVD -  uninocuIated con t ro l
La -  L m. amethystea
TtN -  Xi. t e r r e s t r  is (nursery )
Pi -  £1 invo lu tus
Pt -  E_i_ t  ? nc to r  ? us
CoA -  iX. geoph?Ium ( A l i c e  H o l t )
B1 -  u n i d e n t i f i e d  nursery basidiomycete
X° -  inocu la ted but non-mycorrhizal
The g ro w th  p a ram e te r  v a lu e s  a re  expressed as t h e  mean o f  8 
rep I i c a t e s .
The F i s h e r ' s  l e a s t  s i g n i f i c a n t  d i f f e r e n c e  t e s t s  were  made on 
s u i t a b l y  t ransformed data (where x = o r i g i n a l  growth parameter v a l u e ) * .
Treatment vaIues shar ing a l i n e  are not s i g n i f i c a n t l y  d i f f e r e n t  a t  
the 5% level  by the  LSD t e s t .
1 2 3
Table 6.15a Shoot dry weight (SDW = mean I c g L x + l j ) *
Forest  
1nocu1um
soi 1 
SDW
Nursery s o i I  
Inoculum SDW
Between so i I  
d i f fe rences
PVD 0.008 S i g n i f i c a n t PVD
Pt° 0.014 d i f fe rence  between Pt°
CgA° 0.024 con t ro l  and trea tments CgA°
P i ° 0.025 in general only P i °
SI 0.046 B1
La 0.113
TtN 0.121 LSD = 0.032 a t  %
(0.042 a t  13)
Table 6.15b Root dry weight (RDW = mean logCx+1J)
Forest  so i I  
Inoculum RDW
Nursery so i I  
Inoculum RDW
Between so i I  
d i f fe rences
PVD 0.005
P t° 0.009
CgA° 0.013
P i ° 0.015
B1 0.023
La 0.056
TtN 0.056
PVD 0.028
P t° 0.050
P i ° 0.050
La 0.056
TtN 0.060
CgA° 0.066
B1 0.071
PVD
Pt°
P i °
Can"
LSD -  0.014 a t  53 
(0.019 a t  13)
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Table 6.15c Tota l  dry weight (TD17 = mean l c g [x + 1 j ) *
Fores t  soi  I 
nocuIum TDW
Nursery s o i I  
noculum TDV/
Between s o i I  
d i f fe rences
PVD
P t°
CgA°
P i °
B1
La
TtN
0.013
0.023
0.036
0.040
0.066
0.156
0.165
S ig n i f  ican t  
d i f f e re n c e  between 
con t ro l  and trea tments  
in general on ly
PVD
Pt°
CgA°
P i °
. B1
LSD = 0.032 a t  5% 
(0.042 a t  1£)
Table 6.15d Shoot - roo t  r a t i o  (SR = mean 2arcs in  yCx/1 Ol])*
Forest  s o i I  
noculum SR
Nursery s o i I  
noculum SR
Between soi 
d i f fe rences
PVD 0.795
P t° 0.801
P i ° 0.889
CgA° 0.902
B1 0.922
La 0.982
TtN 0.996
No s i g n i f i c a n t  
d i f fe rence  between 
con t ro l  and t reatments  
or between t rea tments
Ptc
LSD = 0.110 ^ t  5% 
(0.145 a t  ]%)
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Table 6 .1 5e Shoot length (SL = mean log [x+ lD ) *
Forest soi  1 Nursery s o i 1 Between s o i 1
1nocu1um SL Inoculum SL d i f fe rences
PVD 1 .449 S i g n i f i c a n t PVD
P t ° 1 .517 1 d i f f e r e n c e  between Pt°
CgA° 1 .607 1 con t ro l  and trea tments CgA°
P i ° 1 .643 1 in general on ly P i °
B1 1 .737 1 B1
La 1 .892 LSD = 0.094 a t  %
TtN 1 .948 (0.124 a t  ]%)
Tab Ie 6 .1 5f Stem diameter (SD = mean l o o f x + l l )
*
Forest soi I Nursery s o i 1 Between s o i 1
InocuIum SD Inoculum SD d i f fe rences
PVD 0.204 Sign i f  ican t PVD
P t° 0.250 d i f f e r e n c e  between Pt°
p | ° 0.301 c o n t ro l  and trea tments P i °
CgA° 0.303 in general on ly CgA°
B1 0.309 81
TtN 0.408 ; LSD = 0.044 a t  %
La 0.411 I (0.058 a t  \%)
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Figure 6.18 Relationship between total dry weight and percentage 
mycorrhizal root formation of seedlings grown in two 
soils with different mycorrhizal fungi in 
Tube experiment 1 
0 . 8  c 
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c o n t r o l  s e e d l i n g s .  A l th o u g h  some o f  t h e  m y c o r r h i z a l  fu n g i  were 
apparen t ly  more e f f e c t i v e  in increas ing growth above the c o n t r o l s  in 
t h e  f o r e s t  s o i l  than  in t h e  n u rs e ry  s o i l ,  none o f  t h e  f u n g i  was 
s i g n i f i c a n t l y  more e f f e c t i v e  in increas ing o v e ra l l  growth in the  f o r e s t  
soi I .
The r e s u l t s  c o n s id e r e d  in genera l  show t h a t  g ro w th  o f  a l l  t h e  
inoculated seed l ings and the uni nocu I a ted  c o n t r o l s  was b e t t e r  in  t h e  
n u rs e ry  so i  I than  in t h e  f o r e s t  soi  I . T h i s  sugges ts  t h a t  t h e  n u rs e r y  
s o i l  is  more f e r t i l e  than the f o r e s t  s o i l .
The r e s u l t s  a lso  show t h a t  seed l ings inoculated w i th  P. i n v o lu tu s . 
P. t i n c t o r i u s  and C. geoph ? I um which d id  n o t  fo rm  m y c o r r h i z a s  were 
s i g n i f i c a n t l y  la rger  than the  uninocu la ted con t ro l  seed l ings in nursery 
s o i l ,  and in some instances in f o r e s t  s o i l .
The r e la t i o n s h ip  between t o t a l  dry we igh t  of  seed l ings and t h e i r  
pe rc e n ta g e  m y c o r r h i z a l  s h o r t  r o o t  f o r m a t i o n  in  t h e  tw o  s o i l s  i s  
d isplayed as s c a t te r  diagrams in Figs. 6.18a and 6.18b.
In the nursery s o i l  t he re  appears t o  be no c o r r e la t i o n  between the  
degree of  mycorrh izal  r o o t  fo rm a t ion  and biomass produc t ion .  In the  
f o r e s t  s o i l  t h e r e  i s  a t r e n d  o f  i nc reas  i ng b i ornass w i t h  an i n c re a s e  
percentage mycorrh iza l  s ho r t  roo ts ,  but  the  r e la t i o n s h ip  is  no t  as w e l l  
d e f in e d  as t h a t  seen in  t h e  f o r e s t  s o i l s  o f  t h e  two  p o t  e x p e r i m e n t s  
(F i gs. 6.3 and 6.8).
6.3.4 Tube exper iment  2
The r e s u l t s  f rom g ro w th  a n a l y s i s  in Tube e x p e r im e n t  1 (6.3 .3)  
showed t h a t  i n o c u Ia te d  seed l i n g s  in n u r s e r y  s o i  I grew s i g n i f i c a n t l y  
I a r g e r  t h a n  t h e  u n i n o c u l a t e d  s e e d l i n g s ,  r e g a r d l e s s  o f  w h e th e r  
m y c o r r h i z a s  fo rmed.  T h i s  phenomenon was le s s  marked in  t h e  f o r e s t  
s o i l .  Two reasons f o r  t h i s  growth increase in the  inocu la ted  but  non- 
m y c o r r h i z a l  s e e d l i n g s  were c o n s id e re d .  The f i r s t  was t h a t  t h e s e  
m y c o r r h i z a l  fu n g i  can s t i m u l a t e  t h e  g ro w th  o f  t h e  seedl  ing w i t h o u t  
f o r m in g  m y c o r r h i z a s ,  perhaps by r e l e a s i n g  s o i l  n u t r i e n t s  i n t o  t h e  
s e e d l i n g  r h i z o s p h e r e .  The second p o s s i b i l i t y  is t h a t  n u t r i e n t s  f rom 
t h e  M M N -n u t r ie n t  s o l u t i o n  used f o r  t h e  p r o d u c t i o n  o f  t h e s e  f u n g i  in  
c u l t u r e  were not thorough ly  r insed from the  inoculum m a t r i x  p r i o r  t o  
i n c o r p o r a t i o n  i n t o  t h e  s o i l ,  and hence c o u ld  be u t i l i z e d  by t h e  
s e e d l i n g s  f o r  g ro w th .  T h i s  second e x p l a n a t i o n  was c o n s id e r e d  more 
I i k e I y . To exp I o re  t h i s  poss i b i I i t y  f  u r t h e r ,  tw o  t y p e s  o f  i nocu I um-
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f ree  c o n t r o l s  were used in the  f o l l o w in g  tube assay; one was the  peat-  
v e r m i c u I i t e - w a t e r  c o n t r o l  (PVD) used in p re v io u s  b io a s s a y s ,  and th e  
o t h e r  t h e  p e a t - v e r m i c u I  i te-MMN s o l u t i o n  m i x t u r e  (PVM) used f o r  
c u l t u r i n g  the  mycorrh iza l  i n o c u la  (4 .2 .3 ) .
The tubes were se t  up as descr ibed in Section 4.6.4 t o  compare the  
e f f e c t s  o f  a number o f  nursery and f o r e s t  i s o la te s  o f  mycorrh iza l  fungi  
on seed l ing growth in I ronh i I  I nursery s o i l  and BrarnshiI I f o r e s t  s o i l .  
The s o i l s  were not f e r t i l i z e d .
The shoo t '  h e i g h t s  o f  t h e  s e e d l i n g s  were measured a t  m o n th ly  
i n te r v a l s  dur ing the growth per iod.  The seedl ings were harvested a f t e r  
7 months g ro w th  in g la s s h o u s e  c o n d i t i o n s  (4 .7 ) ,  and v a r i o u s  g ro w th  
parameters were measured (4.8.2). Root length and shoot branching did 
not appear t o  be a f fe c ted  by t rea tm en t  or so i I  type, and so these data 
were no t  in c lu d e d  in f u r t h e r  a n a ly s e s .  The r e s u l t s  were a na ly s ed  by 
the  s t a t i s t i c a l  methods descr ibed in Sect ion 6.3.
Mycorrhizal root formation
S p o r a d i c  m y c o r r h i z a l  c o n t a m i n a t i o n  was f o u n d  in  t h e  
un inocu la ted con t ro l  seed l ings a f t e r  examinat ion by l i g h t  microscopy, 
t h e s e  s e e d l i n g s  were exc luded  f rom s t a t i s t i c a l  a n a l y s i s .  A l l  t h e  
inocu la ted t rea tm ents  in t h i s  exper iment  were mycorrh iza l  w i th  the  t e s t  
f u n g i  a p a r t  f rom  seedl  ings  i n o c u la te d  w i t h  t h e  u n i d e n t i f i e d  f o r e s t  
bas idiomycete (13) which c a r r ie d  c o n t a m in a t i n g  m y c o r r h i z a s ,  and t h u s  
were exc luded  from s t a t i s t i c a l  a n a l y s i s .  Tab le  6.16 shows t h e  
p ropo r t ion  of  sho r t  roo ts  which were mycor rhizal  on the seed l ing  r o o t  
systems as a mean value from 10 r e p l i c a t e  t rea tments .
Mycorrh iza l  r o o t  fo rm a t ion  by L*. amethystea. T. t e r r e s t r i s  and the  
‘ E - s t r a i n *  fungus was good in  bo th  s o i l s .  Laccar  ia l a c c a ta  fo rm ed  
r e l a t i v e l y  f e w e r  m y c o r r h i z a l  s h o r t  r o o t s  than  thes e  f u n g i  in  bo th  
s o i l s .  C. geoph i Ium  formed a c o m p a r a t i v e l y  h ig h e r  p e rc e n ta g e  o f  
mycorrhizas in f o r e s t  s o i l  than in nursery s o i l .  The nursery i s o l a t e  
B3 formed no mycorrhizas in f o r e s t  s o i l ,  whereas the f o r e s t  i s o l a t e  P. 
invo lu tus  formed no mycorrhizas in nursery s o i l .
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Table 6.16 Propo r t ion  o f  s ho r t  r o o ts  forming mycorrhizas w i th
i l i i i er en.t inocu la ££L seed I ings grown I n  two s o l Is in 
Tube exper iment 2
Treatment I s o la te
number
+Meon percentage of  
mycorrh izal  s ho r t  roo ts  
Nursery s o i 1 Forest  s o i 1
PVD con t ro l - 0 0
PVM con t ro l - 0 0
L. R68 65 62
L. amethystea S 6 ..84 73
T. t e r r e s t r i s  (Forest) R34 94 90
C. qeophi lum (A ld e rh o l t ) R32 64 83
P. invo lu tus R61 0 51
• E -s t ra in *  fungus R66 82 78
Is o la te  B3 R76 64 0
f frg y ih
F i g u r e s  6 .19  and 6.20 show t h e  e f f e c t s  o f  t h e  d i f f e r e n t  
m y c o r r h i z a l  t r e a t m e n t s  on s e e d l i n g  g ro w th  in t h e  tw o  s o i l s .  The 
r e s u l t s  from the  s t a t i s t i c a l  ana lys is  o f  growth data are presented in 
Tables 6 .1 7 a -6 .1 7 f .
In the  nursery s o i l  a l l  t rea tm en ts ,  inc lud ing  the  PVM un inocu la ted  
c o n t r o l s  and t h e  n o n - m y c o r r h i z a  I s e e d l i n g s  i n o c u l a t e d  w i t h  P. 
? n v o I u t u s . had s i g n i f i c a n t l y  l a r g e r  s hoo t  d ry  w e ig h t  (SDW), r o o t  d ry  
w e ig h t  (RDW), t o t a l  d ry  w e ig h t  (TDW), shoo t  l e n g th  (SL) and stem 
d iameter (SD) than the PVD un inocu la ted con t ro l  seed l ings.  There were 
no s i g n i f i c a n t  d i f fe re n c e s  between mycorrh iza l  inocula in t h e i r  e f f e c t  
on shoot length,  but  seed l ings inocu la ted w i th  C. oeophiluri i  and the  PVM 
uninocu la ted c o n t ro ls  had s i g n i f i c a n t l y  g re a te r  increases in a l l  o the r  
growth parameters than seedl ings inoculated w i th  JL. amethystea or  P. 
in v o lu tu s . A l l  those fungal inocula which formed mycorrh izas,  except 
JLl amethystea, were more e f f e c t i v e  in increas ing TDW and RDW than the  
non-mycor rh iza  forming P. invo lu tus  inoculum. The two Laccar?a species 
d id  no t  d i f f e r  in e f f e c t i v e n e s s  in t h i s  s o i l .  The re  were no 
s i g n i f i c a n t  changes in  s h o o t - r o o t  r a t i o  by any o f  t h e  m y c o r r h i z a l  
inocu la .
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Tables 6 .17a-6 .17 f
S t a t i s t i c a  I d I f f e r e n c e s  d e te c te d  between t r e a t m e n t s  l o r  d i f f e r e n t  
anpwth p.ar.amg.ters a t the. 51 s ig n i f i c a n c e  le v e l  I n  Tube experiment 2
KEY
Inoculum:
PVD -  uninocuIated water con t ro l
PVM -  un inocuIated MMN con t ro l
A3 -  ’ E - s t r a i n 1 fungus
La -  L-. amethystea
Ll -  Lu  Iaccata
TtF -  X,. t e r r e s t r i s  ( f o r e s t )
Pi -  Ejl invo lu tus
CgR -  I X  geoph?lum ( A ld e rh o l t )
B3 -  u n i d e n t i f i e d  nursery basidiomycete
X° -  inoculated but non-mycorrhizaI
The g ro w th  pa ra m e te r  v a lu e s  a re  expressed as t h e  mean o f  10 
rep I i c a t e s .
The F i s h e r ’ s l e a s t  s i g n i f i c a n t  d i f f e r e n c e  t e s t s  were  made on 
s u i t a b l y  t ransformed data (where x = o r i g i n a l  growth parameter va lue)  .
Treatment values shar ing a l i n e  are not s i g n i f i c a n t l y  d i f f e r e n t  a t  
the  5/S level  by the LSD t e s t .
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Tab Ie 6.17a Shoot dry we ight ( SDV' = mean I cgLx+1 D)*
Forest soi 1 Nursery soi  1 Between soi
1 nocu 1 urn SDV/ I necu I um SDW di f fe rences
PVD 0.007 PVD 0.026
B3° 0.016 P i ° 0.175
PVM 0.024 La 0.187 Ll
Pi 0.043 33 0.208 PVM
CgR 0.073 Li 0.216 CgR
Ll 0.081 A3 0.219
La 0.-164 TtF 0.226
A3 0.187 PVM 0.240 LSD = 0.040 a t 5A
TtF 0.207 CgR 0.262 (0.052 a t 1 ;0
Tab 1e 6.17b Root drv weiaht (RDW = mean logdx+1 j ) ^
Fores t soi 1 Nursery soi I Between soi
Inoculum RDW 1 nocu 1 urn RDW d i f fe rences
PVD 0.004 PVD 0.018
33° 0.009 P i ° 0.118 La
PVM 0.015 La 0.142 1 Ll
Pi 0.022 B3 0.169 1 A3
CgR 0.034 Ll 0.172 TtF
Ll 0.035 A3 0.178 PVM
La 0.091 TtF 0.179 CgR
A3 0.109 PVM 0.184
TtF 0.123 CgR 0.195 LSD = 0.028 a t %
(0.037 a t IP)
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Table 6.17c TotaI  dry we iah t (TDW = mean logCx+1])*
Fores t soi  1 Nursery soi 1 Between soi  1
1nocu1um TDW 1nocu1um TDW d i f fe re n c e s
PVD 0.011 PVD 0.043
B3° 0.025 P i ° 0.255 I La
PVM 0.038 La 0.284 1 Ll
Pi 0.065 B3 0.320 A3 '
CgR 0.100 Ll 0.328 TtF
Ll 0.108 A3 0.335 PVM
La 0.227 TtF 0.340 CgR
A3 0.272 1 PVM 0.356
TtF 0.286 1 CgR 0.377 LSD = 0.048 a t  %
(0.063 a t
Table 6 .17d Shoot - roo t  r a t i o  (SR = mean 2 a r c s i n >/Cx/10D) *
Forest  soi 1 
1nocu1um SR
Nursery s o i 1 
Inoculum SR
Between s o i 1 
d i f fe rences
I
No s ign i  f  ican t No s ig n i  f  ican t
d i f f e r e n c e  between d i f  ference between Ll
con t ro l  and trea tments c on t ro l  and t rea tments La
or between t reatments or  between trea tments TtF *
A3
CgR
LSD = 0.129 a t  5%
(0.170 a t  ]%)
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Table 6.17e Shoot length (SL = mean iogCx+1])*
Forest soi  1 Nursery s o i 1 Between s o i 1
1nocu1um SL Inoculum SL d i f f e re n c e s
PVD 1 .502 S i g n i f i c a n t
B3° 1 .547 d i f f e r e n c e  between PVD
PVM 1 .568 con t ro l  and trea tments PVM
Pi 1 .735 in general on ly CgR
CgR 1 .836 Ll
Ll 1 .873
La 1 .986
A3 2.018 1 LSD = 0.069 a t  5%
TtF 2.059 1 (0.092  a t  \%)
Table 6 .1 7 f  Stem diameter (SD = mean log [x+ l ! j )
Forest  soi  I 
noculum SD
Nursery s o i I  
nocuIum SD
Between s o i I  
d i f fe rences
PVD
B3°
PVM
Pi
Ll
CgR
La
A3
TtF
0.181
0.232
0.250
0.314
0.351
0.360
0.442
0.459
0.470
PVD
P i °
La
Ll
B3
A3
TtF
CgR
PVM
0.278
0.475
0.500
0.513
0.513
0.521
0.524
0.535
0.549
PVD
La
Ll
A3
TtF
CgR
PVM
LSD = 0.040 a t  5% 
(0.052 a t  1$)
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In the  f o r e s t  s o i l  the PVD uninocuIated con t ro l  seed l ings d id  not 
d i f f e r  f rom  th e  PVM u n in o c u Ia t e d  c o n t r o l  s e e d l i n g s  o r  t h e  non- 
m y c o r r h i z a l  s e e d l i n g s  i n o c u l a t e d  w i t h  i s o l a t e  B3 in any g ro w th  
p a ra m e te r  e x c e p t  stem d ia m e te r .  I n o c u l a t i o n  w i t h  C. geoph ? Ium. L. 
Iacca ta . Lu arnethystear 'E - s t r a i n 1 fungus or  X .  t e r r e s t r i s  r e s u l te d  in 
s i g n i f i c a n t  in c re a s e s  above t h e  t w o  u n i n o c u l a t e d  c o n t r o l s  and 
in o c u la t i o n  w i th  i s o la te  B3 in a l l  growth parameters except s h o o t - ro o t  
r a t i o .  The seed l ings mycorrh iza l  w i th  fL. invo lu tus  had s i g n i f i c a n t l y  
I a r g e r  SL and SD than  t h e  PVD and PVM c o n t r o l  seedl  ings .  S h o o t - r o o t  
r a t i o  was n o t  a l t e r e d  by any o f  t h e  m y c o r r h i z a l  f u n g i .  I n o c u l a t i o n  
w i t h  L l. a m e th y s te a . ' E - s t r a  i n' fungus and T. t e r r e s t r  i s genera  I I y led 
t o  s i g n i f i c a n t l y  la rger  growth increases than w i th  o the r  mycorrh iza l  
inocu la .  The two Laccar ia  species had s i g n i f i c a n t l y  d i f f e r e n t  e f f e c t s  
on growth in the  f o r e s t  s o i l .
Comparing the  e f f e c t s  of  ind iv idua l  inocula in the  two s o i l s ,  in 
n u r s e r y  s o i l  s e e d l i n g s  i n o c u l a t e d  w i t h  L*. I a c c a t a . C. geoph i I um. 
i s o l a t e  B3, JX. ?n v o Iu tu s  and t h e  PVM u n in o c u Ia t e d  c o n t r o l s  had 
s i g n i f i c a n t l y  la rger  growth increases than in f o r e s t  s o i l .  Seedl ings 
w i th  L. amethystea. 'E - s t r a in '  fungus and T. t e r r e s t r i s  mycor rhizas  had 
l a r g e r  RDW, TDW, SR ana SD in  n u r s e r y  so i  I ,  and t h e  PVD un i  nocu I a te d  
c o n t r o l  seedl  ings had l a r g e r  SL and SD in n u rs e ry  so i  I .  None o f  t h e  
t e s t  fung i  were more e f f e c t i v e  in improving o ve ra l l  growth in f o r e s t  
s o i l  than in the  nursery s o i l .
The inc reased  g ro w th  response  in t h e  PVM c o n t r o l  seed l  ings  as 
compared t o  the PVD con t ro l  seed l ings is  seen in the nursery s o i l  on ly .  
Th is  demonstrates t h a t  some n u t r i e n t s  remain in the  p e a t - v e r m i c u I i t e  
m a t r i x  a f t e r  r i n s i n g  wh ich  a re  then  c a r r i e d  ove r  i n t o  t h e  s o i I s ,  b u t  
a v a i l a b l e  t o  t h e  seed l i n g s  in t h e  n u r s e r y  sc i I on I y .  AI though  t h e  
level  of  n u t r i e n t s  remaining in the peat-verm icu I i te -MMN medium a f t e r  4 
months i n c u b a t i o n  w i t h  a t e s t  fungus  w i l l  be lo w er  th a n  in t h e  PVM 
c on t ro l  m a t r i x ,  the level  is  s t i l l  presumably s u f f i c i e n t  t o  in f lu e n c e  
p la n t  growth.  This is ind ica ted  by the  s i g n i f i c a n t  growth increase 
seen in seed l ings inoculated w i th  P. invo lu tus  but w i th o u t  mycorrhizas.
Th is  problem of  n u t r i e n t  ca r ryove r  is  re la te d  t o  the  s o i I  type in 
some way, and t h i s  was inves t iga ted  f u r t h e r  (see Sect ion 7.2). In the  
n u rs e r y  s o i l  t h e  g ro w th  responses  due t o  t h e  p resence o f  s p e c i f i c  
m y c o r r h i z a s  canno t  be judged  c r i t i c a l l y  because o f  t h e  g r o w th  
d i f fe re n c e s  between the PVD and PVM con t ro l  seedl ings.  However, in the
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f o r e s t  s o i l  where t h e  PVD and PVM c o n t r o l s  d id  no t  d i f f e r  f rom  one 
a n o th e r  t h e  g ro w th  responses  o f  s e e d l i n g s  a f t e r  i n o c u l a t i o n  w i t h  
m y c o r r h i z a l  fu n g i  may be c o n f i d e n t l y  a t t r i b u t e d  t o  t h e  p resence  o f  
c e r t a in  mycor rhizal  types.
The r e l a t i o n s h i p  between t h e  t o t a l  d ry  w e ig h t  o f  seedl  ings  and 
t h e i r  percentage mycorrh iza l  sho r t  r o o t  fo rm a t ion  in the two s o i l s  is 
shown in s c a t te r  diagrams in Figs.  6.21a and 6.21b.
In the nursery s o i l  t he re  is  no c o r r e la t i o n  between the degree o f  
mycorrh iza l  ro o t fo rm a t ion  and biomass product ion .
In t h e  f o r e s t  s o i l  t h e r e  i s  a t r e n d  o f  i n c r e a s in g  b iomass w i t h  
h igher  percentages of  mycorrh iza l  ro o t  fo rm a t ion ,  but the r e l a t i o n s h i p  
is  n o t  as w e l l  d e f in e d  as t h a t  in  t h e  f o r e s t  s o i l s  used in  th e  po t  
e x p e r im e n ts  (see F ig s .  6.3 and 6.8).
Growth rate  analysis
The growth ra tes  o f  seedl ings were determined by measuring t h e i r  
shoot he igh t  a t  re g u la r  t im e  in te r v a l s  and s u b t ra c t in g  t h i s  va lue  from 
t h e  h e i g h t  o f  t h e  seedl  ing when p la n te d .  The g ro w th  r a t e  c u rv e s  f o r  
the d i f f e r e n t  inocu la  in the  two s o i l s  are presented in Figs.  6.22a and 
6.22b. The c u rves  r e p r e s e n t  t h e  mean s hoo t  h e i g h t  i n c re a s e  o f  10 
r e p l i c a t e  tubes a t  monthly i n te r v a l s .  The abso lu te  growth r a te  (AGR) 
and r e l a t i v e  growth (RGR) values were determined between 6 and 18 weeks 
f o r  each s e e d l i n g  t r e a t m e n t  as d e s c r ib e d  in S e c t i o n  6 .3 .2 ,  and a re  
presented in Table 6.18.
The o v e ra l l  shoot he igh t  increase was la rge r  in the  nursery s o i l  
than  in  t h e  f o r e s t  s o i l .  In t h e  n u r s e r y  s o i l  a l l  t h e  i n o c u l a  
s t i m u l a t e d  s e e d l i n g  g ro w th  r a t e  above t h e  PVD u n in o c u Ia t e d  c o n t r o l s  
between 0 and 2 weeks a f t e r  p lan t ing .  A l l  the inocu la ted seed l ings  and 
t h e  PVM u n in o c u Ia te d  c o n t r o l s  had l a r g e r  AGR v a lu e s  than  t h e  PVD 
un inocu la ted con t ro ls .  These inocu la ted seedl ings included some which 
d id  n o t  fo rm  m y c o r r h i z a s .  There  were no d i f f e r e n c e s  be tween t h e  
d i f f e r e n t  m y c o r r h i z a l  i n o c u l a  w i t h  r e s p e c t  t o  changes in  AGR. 
Inocu la t ion  w i th  mycorrh iza l  furigi d id not a l t e r  the RGR va lues above 
the PVD uninocu la ted c o n t ro ls
In the  f o r e s t  s o i l  the mycor rhizal  inocu la  appeared t o  s t im u la t e  
shoo t  h e i g h t  in c re a s e  a f t e r  2 weeks. Seedl ings m y c o r r h i z a l  w i t h  L. 
a m e th y s te a f T. t e r r e s t r i s r ' E - s t r a i n *  fungus and C. geoph i I u m  had
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Figure 6.21 Relationship between total dry weight and percentage 
mycorrhizal root formation of seedlings grown in two 
soils with different mycorrhizal fungi in 
Tube experiment 2
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Figure 6.22 Growth rates of seedlings grown in two soils with
different mycorrhizal fungi in Tube experiment 2
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Table 6.18 I M  abso lu te  .and. r e l a t i v e  growth ra te s  q±  seed I ings m n  
i n  -SQiJ-5 wil t i  d i f f e r e n t  mycorrh izal  .ii i flcuJa I n  J-U-be 
experiment Z
Seed I ing growth r a te  between 6 and 18 weeks
So i l  Treatment* _______ (mean ±  95% conf idence l i m i t ) ________
AGR (mm week“ ^ ) RGR ( week"^)
1ronh i 11 PVD 0.681 ± 0.237 0.106 + 0.037
nursery PVM 4.965 ± 0.678 0.105 Hr 0.018
LI 4.156 ± 0.907 0.097 + 0.021
La 3.838 ± 0.741 0.101 + 0.020
TtF 4.388 ± 1 .191 0.100 + 0.279
CgR 4.735 ± 1 .152 0.101 + 0.020
P i0 3.642 ± 0.818 0.105 + 0.018
A3 4.218 ± 0.575 0.101 + 0.014
B3 4.265 ± 1 .141 0.096 + 0.027
Bramsh i 11 PVD 0.292 ± 0.134 0.062 + 0.045
f o r e s t PVM 0.831 ± 0.437 0.090 + 0.039
LI 0.812 ± 0.532 0.070 + 0.045
La 2.925 ± 0.824 0.125 + 0.032
TtF 3.320 ± 1 .011 0.108 + 0.028
CgR 1 .128 ± 0.285 0.121 + 0.029
Pi 0.456 ± 0.195 0.046 + 0.021
A3 3.520 ± 0.818 0.150 + 0.034
B3° 0.456 ± 0.268 0.066 + 0.031
*PVD = water con t ro l CgR = C. geoph i 1 urn
PVM = MMN con t ro l Pi = £ 1. invo lu tus
LI = L-. Jjaccata. A3 = 'E-• s t r a i n 1 fungus
La = L. amethystea B3 = u n id e n t i f i e d  nursery basidiomycete
TtF = T. t e r r e s t r i s  X° = seed l ings inocu la ted w i th  X but
no mycorrhizas formed
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s i g n i f i c a n t l y  l a r g e r  AGR v a lu e s  than  t h e  PVD c o n t r o l s ,  though C. 
geophi I urn inocu la ted seed l ings had lower AGR values than these o ther  
inocula.  Only the  mycorrhizas o f  fE - s t r a i n f fungus caused a h igher  RGR 
of  seed l ings in comparison t o  the un inocu la ted c o n t ro ls ,  though t h i s
RGR v a lu e  was n o t  s i g n i f i c a n t l y  d i f f e r e n t  f rom  those  o f  s e e d l i n g s  
inocu la ted w i th  JL. amethystea. L. t e r r e s t r i s  o r  fl.epphJJ.ilm.
6.4 SofI ana Iyses
The e f f e c t  o f  d i f f e r e n t  m y c o r r h i z a l  f u n g i  on t h e  g ro w th  and 
n u t r i e n t  s t a t u s  o f  S i t k a  sp ruce  s e e d l i n g s  has been shown t o  be 
in f luenced by the  s o i l  type (6.3.1 and 6.3.2). In order  t o  i n v e s t i g a te  
t h i s  f u r t h e r  an a t te m p t  was made t o  assess the a v a i l a b i l i t y  o f  c e r t a in  
i m p o r t a n t  p l a n t  n u t r i e n t s  and o t h e r  f a c t o r s  in t h e  s o i l s ,  and t o  
compare these measurements w i th  the d i f f e r e n t  seed l ing  responses in the 
presence o f  the var ious  mycorrh iza l  fung i .
6.4.1 So? Is in Pot exper iment  1
S o i l  m in e r a l  p r o f i l e s  f o r  I r o n h i l !  nursery a n d B ra m s h i l l  f o r e s t  
s o i l  used in Pot exper iment  1 (6.3.1) had been determined in a prev ious 
p r o j e c t  a t  S u r rey  (Thomas, 1980).  The r e s u l t s  a re  p resen ted  in  T a b le  
6.19.
Phosphorus (P) in I r o n h i l I  nursery s o i l  was ex t rac ted  w i th  NaHCO^, 
p o ta s s iu m  (K) and magnesium (Mg) w i t h  NH4N03* These ions  were 
e x t r a c t e d  f rom  Bramshi  I I f o r e s t  so i  I w i t h  w a te r .  The P, NH^ and NO3 
ion concen t ra t ions  in the e x t ra c t s  were d e te rm in e d  co l  o r  i m e t r  i c a  I I y,  
w h i l s t  t h e  K and Mg ion c o n c e n t r a t i o n s  were d e te rm in e d  by a t o m ic  
absorp t ion  spect rophotometry .
Table 6.19 An a ly s is  Q l SP.LI.S I n  Es± exper iment  1
Soi 1 . Avai l lab le  n u t r i e n t  ions (mg 100g“ ^) • Dens i t y
pH P K N-NO3 N-NH4 Mg (g ml“ ^ )
I r o n h i 11 
Bramsh i 1
nursery 
1 fo re s t
4.1
4.8
0.4 0.9 0.3 
0.2 1.7 1.1 10.2
1.2 
0.4
1 .2 
0.47
T a b le  6.19 shows t h a t  t h e  n u r s e r y  s o i l  has more a v a i l a b l e  
phosphorus and magnesium than the  f o r e s t  s o i l ,  whereas the f o r e s t  s o i l
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has h i g h e r  l e v e l s  o f  po ta s s iu m  and n i t r a t e - n i t r o g e n .  I t  s h o u ld ,  
however ,  be noted t h a t  t h e  n u r s e r y  s o i l  has a h ig h e r  d e n s i t y  then  th e  
f o r e s t  soi I.
6.4.2 So?Is I n  Eq±  exper iment  2
N i t r o g e n ,  po ta s s iu m  and phosphorus a re  t h r e e  m in e r a l s  o f  m a jo r  
im p o r ta n c e  in p l a n t  n u t r i t i o n .  The a v a i l a b i l i t y  o f  th e s e  t h r e e  
m in e r a l s  was d e te rm in e d  in  t h e  s i x  s o i l s  used in Po t  e x p e r i m e n t  2 
(6 .3 .2 ) ,  t o g e t h e r  w i t h  pH and c a t io n - e x c h a n g e  c a p a c i t y  (C.E.C.). The 
exper imenta l  d e t a i l s  are descr ibed in Sect ion  5.2. Total  le ve ls  o f  a 
l a rg e  number o f  s o i l  m i n e r a l s  were d e te rm in e d  by o p t i c a l  e m is s i o n  
s p e c t r o g r a p h y  (5.2.5).
The mean v a lues  o f  pH, C.E.C., and m in e r a l  l e v e l s  f rom  tw o  
r e p l i c a t e  samples o f  each s o i l  are presented in Table 6.20.
The pH va I ues a re  r e  I a t i  ve l  y more ac i d i c  in  t h e  f o r e s t  so i  I s as 
would  be expec ted .  The C.E.C. v a lu e s  a re  much h i g h e r  f o r  t h e  f o r e s t  
s o i l s  than  f-or t h e  n u rs e ry  s o i l s .  The le v e l  o f  a v a i l a b l e  ammonium- 
n i t r o g e n  i s c om pa ra t  i v e I y  h i gh i n t h e  f o r e s t  so i I s ,  p a r t  i c u I a r I y  in  
A l d e r h o l t  s o i l  wh ich a l s o  had more o r g a n i c  d e b r i s ,  b u t  low in t h e
i
nursery s o i l s  e s p e c ia l l y  T i l h i l l  s o i l .  The a v a i l a b i l i t y  o f  potassium 
is  h ighes t  in Crychan f o r e s t  s o i l  and lowest  in I r o n h i l I  nursery s o i l .  
The le v e l  o f  a v a i l a b l e  (O lsen)  phosphorus  i s  v e r y  low in  t h e  f o r e s t  
so i  I s compared t o  t h e  o t h e r  so i  I s. AI though t h e  amount o f  ava i I ab I e 
phosphorus i s  low in  f o r e s t  s o i l s ,  th e  t o t a l  phosphorus l e v e l s  a re  
p ro p o r t i o n a te l y  higher  than in the  nursery s o i l s .
Very few m y c o r r h i z a s  were fo rmed in  T i l h i l l  s o i l .  T h i s  s o i l  
e x h i b i t s  r e l a t i v e l y  high leve ls  o f  magnesium, ca lc ium ,  se len ium,  t i n  
and cadmium in  c om par ison  t o  th e  o t h e r  s o i l s ,  and a l s o  has low 
ammonium-ni t rogen leve ls .
I r o n h i l I  nursery s o i l  is r e l a t i v e l y  poor in m inera ls  by comparison 
w i th  Crychan f o r e s t  s o i l ,  and ye t  the un inocu la ted  con t ro l  seed l ings  
grew com para t ive ly  b e t t e r  in t h i s  s o i l .  I r o n h i l I  s o i l  does have h igher  
le ve ls  o f  a v a i l a b le  phosphorus than the f o r e s t  s o i l s ,  which may p a r t l y  
exp la in  t h i s  observa t ion.  As i t s  name suggests I r o n h i l I  s o i l  possesses 
an i ron-pan.  Though the process of  i ron-pan fo rm a t ion  is  not s t r i c t l y  
known, i t  i n v o l v e s  t h e  s o l u b i I i z a t i o n  o f  f e r r i c  s a l t s  in t h e  s u r f a c e  
l a y e r s  o f  t h e  s o i l  wh ich  then  leach downwards and r e p r e c i p i t a t e  in  
lo w er  I aye rs  (C u r t  i s £±  a_L., 1 976).  Th is  so i  I was taken  f rom  t h e  to p
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30cm above the i ron-pan fo rm a t ion ,  and hence t o t a l  i ron content  in t h i s  
s o i l  appears low.
The t o t a l  a lumin ium,  i ron and s i l i c o n  le ve ls  are apparen t ly  low in 
some o f  t h e  s o i l s .  One m ig h t  e x p e c t  much l a r g e r  p e rc e n ta g e s  o f  
a luminium in the  f o r e s t  s o i l s  and a la rge r  percentage o f  s i l i c o n  in the  
sandy nursery s o i l s .  The low values are probably due t o  the method o f  
e x t ra c t i o n .  The m inera ls  are released from organ ic  m a te r ia l  by ashing 
a t  a h igh  t e m p e r a tu r e ,  and then  taken  up in  s t r o n g  h y d r o c h l o r i c  a c i d .  
Much o f  t h e  i r o n ,  a lu m in iu m  and s i  I icon m ig h t  have rema ined  in  t h e  
in s o lu b le  sediment and g r i t  l e f t  behind a f t e r  t h i s  process.
The le v e l  o f  a number o f  t h e  m in e r a l s  ana lysed  a re  compared t o  
normal s o i l  ranges in Table 6.20. These comparisons are discussed in 
Chapte r  8.
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Pla te  1: Seedl ings inoculated w i th  d i f f e r e n t  mycorrh izal  fungi
and grown in a nursery s o i l  in Pot experiment 1
P la te  2: Seedl ings inoculated w i th  d i f f e r e n t  mycorrh izal  fungi
and grown in a f o r e s t  s o i l  in Pot experiment 1
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Pla te  3: Seedl ings inocu la ted w i th  d i f f e r e n t  mycorrh izal  fungi
and grown in prepared compost in Pot experiment 2
PI ate 4: Seedl ings inoculated w i th  d i f f e r e n t  mycorrh iza l  fungi  and
grown in a f o re s t  ( A ld e rh o l t )  s o i l  in Pot experiment 2
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Pla te  5: Seedl ings grov/ing in Leach tubes
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Chapter 1  Laborat ory experimentation
7.1 Laborato ry  t e s t s  f o r  mycor rhizal  fung i
7.1.1 //.
The growth ra te  o f  a mycor rhizal  fungal i s o la te  is im por tan t  when 
cons ider ing  i t s  s u i t a b i l i t y  f o r  la rge -sca le  product ion o f  inoculum. A 
mycorrh iza l  fungus may have a r e l a t i v e l y  slow growth r a te  in c u l t u r e  
which w i 11 reduce i t s  usefulness f o r  nursery in ocu la t ion  programmes, 
r e g a r d l e s s  o f  i t s  e f f e c t  on p l a n t  g r o w t h ,  and t h e r e f o r e  must  be 
r e je c te d  on t h i s  basis.  I t  should be s tressed t h a t  the growth r a te  o f  
a fungus  in axen i c c u I t u r e  does no t  necessar  i I y  re  I a t e  t o  i t s  g r o w th  
r a te  in the natura l  environment,  and hence is  not a s u i t a b le  i n d i c a t i o n  
o f  the  r a te  a t  which the  fungus co lon izes  p la n t  roots .
The m y c o r r h i z a l  f u n g i  were grown on MMN agar p l a t e s  and t h e i r  
d iameter increase measured as descr ibed in Sect ion 5.3.1. The l i n e a r  
growth ra tes  were determined f o r  a l l  the d i f f e r e n t  mycorrh iza l  fung i  
used in  t h e  b ioas s ay s  in Chapte r  6 , and th e s e  a re  r e p r e s e n t e d  in  F ig .
7.1 as the average diameter  increase from 4 r e p l i c a t e  p la te s  measured 
a t  weekly i n te rv a ls .
The r e s u l t s  are separated in to  i s o la te s  from nursery s i t e s  in Fig. 
7.1a and f rom  f o r e s t  s i t e s  in  F ig .  7.1b.
The f i r s t  o b s e r v a t i o n  t o  make is  t h a t  bo th  n u rs e ry  and f o r e s t  
i so I a te s  d i f f e r  w i d e l y  i n . the i r  a b i l i t y  t o  grow in c u l t u r e ,  ne i t h e r  
g roup be ing  t y p i c a l l y  s u i t e d  t o  a x e n ic  c u l t u r e .  However,  a l l  t h e  
nursery  i so la tes  began t o  grow between 0 and 7 days, whereas th e  f o r e s t  
i s o l a t e  13 d id  no t  s t a r t  t o  grow a p p r e c i a b l y  u n t i  I a f t e r  20 days in 
c u l t u r e ,  and the  A ld e r h o l t  aeoph i I urn i s o la t e  had a slow growth  r a te  
u n t i I  a f t e r  20 days.
A l l  the  nursery is o la te s  and some o f  the  f o re s t  i s o la te s  showed a 
decrease  in g ro w th  r a t e  t o w a rd s  t h e  end o f  t h e  i n c u b a t i o n  p e r i o d ,  
i n d i c a t i n g  t h e  appearance o f  g ro w th -1  i r n i t i n g  fa c to rs .  However, t h i s  
dec l in e  va r ies  w i th  the fungus and not a s p e c i f i c  d iameter a t t a in e d  by 
t h e  c o lo n y .  I t  i s  o f  cou rse  p o s s i b l e  t h a t  t h e  g ro w th  r a t e  dec l  ine 
r e l a t e s  t o  a c e r ta in  biomass reached, because these fungi  d i f f e r e d  in 
t h e i r  colony dens i ty ,  but  t h i s  is not known f o r  c e r ta in .
The g ro w th  r a t e s  o f  t h e  tw o  i s o l a t e s  o f  X«. t e r r e s t r  i s a re  n o t  
n o t ic e ab ly  d i f f e r e n t  on MMN agar, a l though t h e i r  colony morphologies are
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d i s t i n g u i s h a b l e .  The tw o  C. geoph i I um is o la te s  had d i f f e r e n t  growth 
r a t e  c u r v e s ,  b u t  i t  shou ld  be noted t h a t  t h e  A l d e r h o l t  i s o l a t e  had a 
longer lag per iod and probably  did not d i f f e r  from the o the r  i s o la t e  in 
r e l a t i v e  growth ra te .  I t  is  i n te r e s t in g  t o  observe t h a t  fung i  l i k e  P. 
in v o lu tus  and ’E - s t r a i n 1 fungus have a r e l a t i v e l y  f a s t  growth r a te  in 
c u l t u r e ,  and y e t  have been shown t o  be less e f f e c t i v e  than the s lower  
g ro w in g  T. t e r r e s t r i s  i s o l a t e s  and i s o l a t e  B1 in s t i m u l a t i n g  p l a n t  
growth in some of  the bioassays p rev io us ly  descr ibed (Chapter 6).
From these r e s u l t s  i s o la te s  B3 and 13 are apparent ly  less s u i t a b le  
than the o the r  fungi  tes ted  f o r  la rge -sca le  c u l t u r e  on MMN agar.
The d ia m e te r  in c re a s e  o f  fu n g i  g ro w in g  in c u l t u r e  is  n o t  f u l  ly  
r e p r e s e n t a t i v e  o f  t h e i r  g r o w th  r a t e .  Fungal  g ro w th  would  be b e t t e r  
measured by g ro w in g  i s o l a t e s  in l i q u i d  c u l t u r e  and then  f i l t e r i n g ,  
d r y i n g  and w e ig h in g  t h e  m yce l ium  a f t e r  a spec i f  i ed g ro w th  pe r  i od t o  
determine biomass increase. However, d iamete r  increase measurements 
are s t i l l  useful  because growth o f  mycorrh iza l  fungi  on agar p la te s  is 
an impor tan t  f i r s t  step in producing inoculum f o r  f u r t h e r  growth  in PVM 
o r  l i q u i d  c u l t u r e .  The r a te  o f  l i n e a r  ex tens ion o f  hyphae can a lso  be 
i n d i c a t i v e  o f  t h e  a b i l i t y  o f  t h e  m yce l ium  t o  c o l o n i z e  t h e  p e a t -  
verm i c u I i  te -m a t r  i x .
7.1.2 Acid phosphatase gn.a,l.y.g i 5
There has been specu la t ion  by several authors about the  poss ib le  
r o le  o f  mycor rhiza l  ac id  phosphatases f o r  hydro lyz ing  in s o lu b le  o rgan ic  
phospha tes ,  p a r t i c u l a r l y  in f o r e s t  s o i l s  where p l a n t - a v a i l a b l e  
phosphate  i s  low (see S e c t i o n  2 .5 .3).  For t h i s  reason a p r e l  im in a r y  
in v e s t i g a t io n  was made t o  compare the  ac id  phosphatase a c t i v i t i e s  o f  
m y c o r r h i z a l  fu n g a l  i s o l a t e s  f r o m  d i f f e r e n t  e n v i r o n m e n t s  on a 
q u a n t i t a t i v e  b a s i s ,  w i t h  a v iew t o  r e l a t i n g  th e s e  a c t i v i t i e s  t o  t h e  
performance of  the mycorrh iza l  fungi  in the  bioassays. As t h i s  was an 
i n i t i a l  study o f  the  techniques requ i red  f o r  assaying ac id  phosphatase 
a c t i v i t y ,  on ly  two fung i  were considered f o r  the t e s t .
The assay f o r  a c id  phosphatase a c t i v i t y  o f  m y c o r r h i z a l  f u n g i  is  
descr ibed in Sect ion 5.3.2a. Table 7.1 shows the r e s u l t s  o f  the  assay 
on two mycor rhiza l  fungi  as the  mean of  2 r e p l i c a t e  samples.
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Table 7.1 The a c t i v i t y  o f  pa ra -n i t ropheno l  phosphatase in two 
mycor rhizal  lu n g l M i3 L  1  weeks growth I n  50ml o l  
MMN-nutr ie n t  so l u t i o n
Fungus 1 sol ate 
number
Final  dry 
we ight (g)
para-NPPase a c t i v i t y  
(absorbance u n i t s  g—1)
pH o f  media 
a t  harves t
mean ±  SD mean + SD mean ±  SD
L. 1accata 
T. t e r r e s t r i s
R68
R34
0.041 ±  0.012 
0.036 ±  0.006
20.58 ±  0.24 
36.11 ±  11.11
3.2  ±  0.0  
3.4 ±  0.2
The r e s u l t s  show t h a t  al though the re  was no d i f f e re n c e  in biomass 
in c re a s e ,  t h e  f o r e s t  i s o l a t e  o f  Xt_ t e r r e s t r i s  had a h i g h e r  a c id  
phosphatase a c t i v i t y  than the nursery i s o la te  o f  .L. Iaccata when grown 
in MMN-nutr ient  s o lu t i o n .  I t  should perhaps be noted t h a t  one o f  the  
r e p l i c a t e  T. t e r r e s t r i s  c u l t u r e  f i l t r a t e s  had a s l i g h t  p i g m e n t a t i o n ,  
and i t  is  no t  known i f  t h i s  c o l o r a t i o n  a f f e c t e d  t h e  abso rbance  a t  
405nm. Al though the re  was no d i f f e r e n c e  in the f i n a l  pH o f  the  media 
between t h e  f u n g i ,  t h e s e  pH v a lu e s  were much lower  than  t h e  o r i g i n a l  
va lue of  pH 5.6 in the MMN-nutr ient  s o lu t i o n .
7.1.3 Assessment q±  fungal gr.9.y/.t_h a± Ism  aa lu frJ e phosphate leve ls
The MMN-nutr ien t  s o lu t i o n  used f o r  the growth o f  the  m ycor rh iza l  
f u n g i  p r i o r  t o  t h e  a c id  phosphatase assay in 7.1.2 c ann o t  be compared 
t o  n a t u r a l  s o i l s  where s o l u b l e  phosphate  I eve Is a re  v e ry  much lo w e r .  
To am e l io ra te  t h i s  problem the  MMN-nutr lent  s o lu t i o n  was prepared w i th  
s a l t s  of  so lub le  organ ic  phosphates in place o f  the ino rgan ic  phosphate 
s a l t s  norma l ly  used (see Sect ion  5.3.2b).
For a p r e l im in a ry  i n v e s t i g a t io n  two mycorrh izal  fung i  were grown 
in the  d i f f e r e n t  phosphate media as descr ibed in Sect ion 5.3.2b. A f t e r  
20 days i n c u b a t i o n  t h e  m y c o r r h i z a l  f u n g i  were assessed f o r  t h e i r  
u t i l i z a t i o n  of  d i f f e r e n t  phosphate sources by comparing t h e i r  biomass 
p r o d u c t i o n  in  each medium, t h e  le v e l  o f  o r th o p h o s p h a te  in  t h e  f i n a l  
media measured by th e  phospho-m oIybdovanada te  c o l o r i m e t r i c  method 
(5 .3 .2c)  and t h e  change in t h e  pH o f  t h e  media (5.3 .2b).
The r e s u l t s  a re  p resen ted  in Ta b le s  7 .2-7 .4  as t h e  mean o f  2 
r e p l i c a t e  t r e a t m e n t s .  The p r o d u c t i o n  o f  b iomass by t h e  t w o  f u n g i
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(Tab le  7.2) v a r i e s  w i t h  t h e  phosphate  sou rce  in t h e  g ro w th  medium. 
Laccar ia Iaccata had a h igher dry we igh t  in both the o rgan ic  phosphate 
media than i t  d id in the  normal MMN inorganic  phosphate mediurn, whereas 
t h e  ' E - s t r a i n 1 fungus  grew b e t t e r  in  t h e  i n o r g a n i c  phosphate  medium. 
In the  organ ic  phosphate media J^. Iaccata produced much la rge r  amounts 
o f  biomass than the 'E - s t r a in '  fungus, whereas they d i f f e r e d  from each 
o t h e r  o n l y  s l i g h t l y  in t h e  normal MMN medium in t h i s  r e s p e c t .  I t  
shou ld  be noted t h a t  t h e  two  f u n g i  grew s a t i s f a c t o r i l y  in  t h e  
' p h o s p h a te - f re e '  medium.
^Phosphate sources in Tables 7 .2 -7 .4  
normal = potassium dihydrogen orthophosphate and ammonium hydrogen 
orthophosphate 
none = no added source of  phosphate
NaGP = sodium glycerophosphate
NaBGP = sodium beta-gIycerophosphate
Table 7.2 The growth o f  mycorrh iza l  fungi  in d i f f e r e n t  phosphate med.ia
Phosphate source 
in MMN ( -  m a l t ) *
Dry we ight o f  mycelium from 20ml media
L. 1accata (mq) 
mean ±  SD
' E - s t r a i n '  fungus (mg) 
mean ±  SD
normal 31.4 ±  0.0 36.4 ±  3 .8
none 28.5 ±  0.3 30.9 ±  0.0
NaGP 40.3 ±  0.0 25.5 ±  13.1
NaBGP 39.2 ±  1.2 24.4 ±  0.0
Table 7.3 The change in orthophosphate concen t ra t ion  o f  d i f f e r e n t
phosphate media M i e n  incubat ion w i th  * m  mycor rh?zaI .fung i
Phosphate 
in MMN ( -
source Cel 
ma 11 ) *  in
Icu la ted ortho-P 
i n i t i a l  medium 
(fjg ml” ! )
Final  o r tho-P  
L. 1accata 
mean ±  SD
in medi urn (pg m1 — 1) 
' E - s t r a i n '  fungus 
mean ± SD
norma 1 172.0 181.2 ±  0 .0 164.5 ±  9.5
none 0.0 8.6  + 0.6 7.4  ±  0 .0
NaGP 0.0 156.0 ±  0.0 62.0 ±  3.5
NaBGP 0.0 148.0 ±  0.0 58.0 ±  0 .0
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Table 7.4 The change in p_H o± d i f f e r e n t  phosphate media 
a f t e r  Jnsuka l ian  Jii.th  ±MQ my.corrhizaI fungi
Phosphate source 
in MMN ( -  m a l t ) *
I n i t i a l  pH 
i n med i urn
Final  pH i n med i urn
L l. .1 accata 
mean + SD
' E - s t r a i n 1 fungus 
mean ±  SD
normal 6.0 4.2 ±  0.0 3.4  ±  0.05
none 4.4 3.6 ±  0.05 3.6 ±  0.0
NaGP 5.4 3.8  ±  0.0 5.2 ±  0.05
NaBGP 5.4 3.8 ±  0.05 4.7 ±  0.0
An in c re a s e  in  o r th o p h o s p h a te  c o n c e n t r a t i o n  in  t h e  o r g a n i c  
phosphate medium in the  presence of  the  fungi  may be a t t r i b u t e d  t o  the  
hydro lyz ing  a c t i v i t y  o f  ac id  phosphatases. In Table 7.3 Iaccata is  
shown t o  increase the  orthophosphate concen t ra t ion  from a t h e o r e t i c a l  
0 .Opg m l ”  ^ o f  phosphorus as measured in t h e  f i n a l  medium by t h e  
phospho-rno I ybdovanadate  c o l o r i m e t r i c  method. The t o t a l  amount o f  
phosphorus added t o  t h e  medium o r i g i n a l l y  was 172.0/jg m l ”^  o f  
phosphorus as t h e  g l y c e ro p h o s p h a te  m o le c u le .  The r e s u l t s  sugges ted  
t h a t  a t  l e a s t  90% o f  t h e  g l y c e ro p h o s p h a te  m o le c u le s  and 86% o f  t h e  
beta-gIycerophosphate molecules were hydrolyzed t o  orthophosphate by L. 
I a c c a t a . The ' E - s t r a i n '  fungus  was le ss  e f f i c i e n t  in  t h i s  r e s p e c t  in  
t h a t  i t  hydrolyzed 36$ o f  the glycerophosphate molecules and 34$ o f  the  
b e t a - g I y c e r o p h o s p h a t e  m o le c u le s  t o  o r th o p h o s p h a te .  The measured 
orthophosphate released in to  the  medium does not of  course inc lude t h a t  
absorbed by t h e  funga l  m y c e l iu m ,  b u t  i t  i s  u s e fu l  as a c o m p a r is o n  
between the  fung i .
In t h e  normal MMN medium t h e  tw o  fu n g i  s i  i g h t l  y a \ t e r e d  t h e  
orthophosphate level  f rom the o r i g i n a l  172(ug ml“ 1 of  phosphorus. There 
was a l s o  an in c re a s e  in o r th o p h o s p h a te  le v e l  seen in t h e  s u p p o s e d ly  
'phosphate- f ree '  medium by the two fung i .  The level  o f  or thophosphate  
in t h i s  medium was measured p r i o r  t o  incubat ion of  the fung i  and found 
to  be 0.3pg ml” 1 of  phosphorus. The ex t ra  phosphate seen in t h e  medium 
a f t e r  incubat ion was poss ib ly  der ived from the  agar plugs o f  inoculum 
introduced i n t o  vhe medium, and t h i s  may account f o r  the growth o f  the  
fungi  in t h i s  medium as shown in Table 7.2.
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The pH of  the medium may a f f e c t  acid phosphatase a c t i v i t y .  Table
7.4 shows the changes in the pH of  the media as a r e s u l t  o f  incubat ion  
w i th  the  fung i .  Iaccata caused a la rge r  decrease in pH than the  'E-
s t r a i n 1 fungus in both organ ic  phosphate media, whereas in the  normal 
MMN medium t h e  p resence o f  t h e  ' E - s t r a i n '  fungus reduced t h e  pH t o  a 
lower level  than JL. I accata. The pH o f  the 'phosphate- f ree '  medium was 
reduced a f t e r  incubat ion w i th  both fungi  by an equal ex ten t .
The r e s u l t s  f rom t h i s  p r e l im in a ry  i n v e s t i g a t io n  in d ic a te  t h a t  L. 
Iaccata has a more e f f i c i e n t  enzyme mechanism fo r  u t i l i z i n g  the  o rgan ic  
g l y c e ro p h o s p h a te s  than  t h e  ' E - s t r a i n '  fungus .  However,  v a r i o u s  
problems were detected in these exper iments.  Al though .L. Iaccata was 
seen t o  be c o m p a r a t i v e l y  b e t t e r  t h a n  t h e  ' E - s t r a i n *  f u n g u s  in  
hyd ro lyz ing  glycerophosphates and subsequent ly increas ing g rowth ,  the  
abso lu te  ra te s  o f  hy d ro ly s is  could not be determined. Th is  problem was 
p a r t l y  due t o  t h e  f a c t  t h a t  bo th  fu n g i  grew r e a s o n a b ly  w e l l  on t h e  
'p h o s p h a t e - f r e e '  medium wh ich  was found t o  c o n t a i n  low l e v e l s  o f  
or thophosphate.
7.2 Assessment q±  nu trien t contamination in  bioassays
D u r ing  t h e  s t a t i s t i c a l  a n a l y s i s  o f  Tube e x p e r im e n t  1 (6 .3 .3 )  i t  
was discovered t h a t  in some s i t u a t i o n s  a p la n t  growth increase occur red 
in inocu la ted seedl ings w i th o u t  the presence o f  mycorrh izas.  Var ious 
reasons f o r  t h i s  phenomenon were considered: 1) t h a t  these mycor rh iza l  
f u n g i  were a b le  t o  s u p p ly  n u t r i e n t s  t o  t h e  p l a n t  w i t h o u t  f o r m i n g  
m y c o r r h i z a s ,  and t h i s  has been suggested e l s e w h e re  (L e v is o h n ,  1953; 
Lamb and R ic h a rd s ,  1971),  o r  2) t h a t  n u t r i e n t s  f rom  th e  p e a t -  
v e r m ic u I  i te-MMN c u l t u r e  medium were t r a n s f e r r e d  w i th  the  inoculum, 
desp i te  the  r i n s i n g  method.
The in c lus ion  o f  a PVM as we l l  as a PVD con t ro l  in Tube exper iment  
2 (6.3 .4)  dem on s t ra te d  t h a t  t h e  second reason was l i k e l y .  A t  t h i s  
s tage  i t  was necessary  t o  f i n d  ways o f  el  i m i n a t i n g  t h e  p rob lem  as i t  
was i n t e r f e r i n g  w i th  the s e le c t io n  s tud ies .
7.2.1 D i r e c t  phosphate measurements  en EYM leachates
The phosphate  ion was chosen as t h e  i n d i c a t o r  f o r  n u t r i e n t  
con tam ina t ion ,  p a r t l y  because the  assay method was w e l l  developed from 
prev ious  exper imenta t ion ,  but a lso  because i t  is  an ex t rem e ly  im p o r ta n t
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n u t r i e n t  in m y c o r r h i z a l  r e l a t i o n s .  T h is  e x p e r im e n t  was des igned  t o  
determine the ra te  a t  which phosphate was removed from the PVM m a t r i x  
by the r i n s i n g  method used p r i o r  t o  s o i l  inocu la t ion .  The methods are 
d e s c r ib e d  in  5.4.1 and 5.3.2c.
In order  t o  determine the c o n t r i b u t i o n  of  or thophosphate f rom the  
p ea t  and v e r m i c u l i t e ,  a vo lume o f  PVD medium was r i n s e d  and t h e  
r e s u l t i n g  le a c h a te s  measured f o r  t h e i r  phosphate c o n t e n t  (5.4.1 and 
5 .3 .2 c ) .
The phosphate  c o n c e n t r a t i o n  in  t h e  f i r s t  500ml o f  le a c h a te  was 
found t o  be v e ry  low (0 .1 -0 .5 f jg  m l " !  phosphorus)  be ing  e q u i v a l e n t  t o  
0 .05-0 .25  mg P in 100ml PVD. The pea t  and v e r m i c u l i t e  t h e r e f o r e  
c o n t r i b u t e d  n e g l i g a b l e  q u a n t i t i e s  o f  o r t h o p h o s p h a te  t o  t h e  medium. 
Verm i cuI  i t e  i s  a fo rm  o f  a lu m in iu m  s i I i  c a t e ,  and s i l i c a t e  ions  can 
i n t e r f e r e  w i th  some types o f  phosphate c o l o r i m e t r i c  assays (Rockstein 
and Herron, 1951), but  from the  very low absorbance read ings  recorded 
f o r  the PVD leachates the phospho-molybdovanadate assay was not  shown 
t o  be s i g n i f i c a n t l y  a f fe c ted  by the  presence of  s i l i c a t e  ions in t h i s  
instance.
Table 7.5 RemovaI o f  or thophosphate by consecut ive volumes o f  
r-inalDS water  i m m  ?,Q0nil o l  E M  med ?um (200ml MMN)
Number of  
500ml r inses
Orthophosphate concen t ra t ion  
in r e s u l t i n g  leachate (fjg ml” ^)
1 23.75
2 8.38
3 3.94
4 5.75 t
5 5.25
6 3.75
7 2.88
8 2.65
9 1 .60
10 1 .45
T a b le  7.5 and F ig .  7.2 show t h e  r a t e  o f  removal  o f  p ho s pha te  f rom  
the  PVM. medium by consecut ive  a l i q u o ts  o f  d i s t i l l e d  water.  The r a te
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Figure 7.2 Rate of removal of orthophosphate by consecutive 
volumes of rinsing water from 300ml of PVM medium
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c u rv e  (F ig .  7.2) shows a r a p id  removal  o f  phosphate in t h e  f i r s t  few 
r i n s e s ,  and then  t h e  r a t e  t a i l s  o f f .  The t o t a l  amount o f  phosphorus  
removed from the  300ml o f  PVM medium can be ca lcu la ted  from the values 
i n Tab I e 7.5.
Tota l  phosphorus (as orthophosphate) detected in 5.0 I i t r e s  o f  leachate 
f rom 200ml o f  MMN
= 59.40pg ml~^ x 500ml 
= 29.70mg P
The t o t a l  phosphorus in 200ml of  MMN is ca lcu la ted  as 
34.60mg P
T h e r e f o r e  10 x 500m I o f  w a te r  removed an e s t im a t e d  85-86$ o f  t h e  
s o lub le  phosphate o r i g i n a l l y  in the 300ml o f  PVM medium.
The ra te  curve (Fig.  7.2) shows t h a t  con t in u a t io n  o f  r i n s i n g  would 
have removed on ly  small  amounts of  a d d i t io n a l  phosphate. The mus l in  
and f i l t e r  paper  used t o  o b t a i n  t h e  le a c h a te s  were found t o  remove a 
smal I pe rcen tage  (3$) o f  t h e  o r t h o p h o s p h a te ,  t h e  r e m a in i n g  10-15$ o f
phosphate must be adsorbed t o  the  pea t-verm icu l  i t e  m a t r ix .
7.2.2 Bioassay de te rm ina t ion  q±  r i n s i n g  e f f i c i e n c y
Once t h e  maximum r a t e  o f  phosphate  removal  had been d e te r m in e d
(7 .2 .1 ) ,  i t  was necessary  t o  check w h e the r  t h e  r e m a in in g  phospha te  in  
t h e  leached medium c o u ld  a f f e c t  s o i l  f e r t i l i t y .  The p rob lem  o f  
n u t r i e n t  c o n t a m in a t i o n  appeared t o  be more s e r i o u s  in  t h e  tu b e  
b io a s s a y s  ( 6.3.3 and 6 .3 .4 ) ,  p r o b a b ly  because t h e  c o n c e n t r a t i o n  o f  
i nocu I urn med i urn in  t h e  so i I was h i gher  in  t h e  tubes  than  in t h e  p o ts .  
Consequent ly a tube bioassay was se t  up as descr ibed in 5.4.2 using the  
PVD and PVM media r insed a t  a r a te  o f  a t  leas t  5000ml o f  water  t o  300ml 
medium, t h i s  r a te  having been p rev io us ly  determined as s u f f i c i e n t  t o  
remove most s o l u b l e  n u t r i e n t s  f rom  th e  m a t r i x  (7 .2 .1 ) .  These media 
were incorporated in to  s i x  d i f f e r e n t  s o i l  types and planted w i t h  S i t k a  
spruce seedl i ngs.
The seed l ings were harvested a f t e r  5 months growth in glasshouse 
cond i t i o n s  (4 .7 ).
The PVD and PVM t rea tm en ts  were assessed f o r  n u t r i e n t  c a r ry o v e r  in.
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t he  d i f f e r e n t  s o i l s  by measuring the  dry we ight o f  the seed l ings  a f t e r  
36 hours  a t  80 °C. The r e s u l t s  a re  d i s p la y e d  in  T ab le  7.6 as t h e  mean 
value of  10 seed l ings f o r  each t rea tment .  The PVD and PVM t rea tm en ts  
in each s o i l  were compared using a S tuden t 's  t - t e s t .
Table 7 .6  The e f f e c t s  o f  tho rough ly  r insed PVD and PVM media on 
.seedling gr_Q.w±h in  s i*  so? Is
Soi 1 Mean TDW of  
PVD
seedl ings (g) 
PVM
S ign i f  i can t  
d i f f e re n c e  a t  5%
Crychan f o r e s t 0.050 0.062 -
A ld e r h o l t  f o r e s t 0.044 0.054 -
Ferndown f o r e s t 0.032 0.030 -
T i l h i l l  nursery 0.037 0.043 -
I r o n h i l 1 nursery 0.124 0.552 +
Compost 0.157 0.317 +
Only I r o n h i l I  n u r s e ry  s o i l  and compost  showed s i g n i f i c a n t  
d i f f e re n c e s  between growth responses of  seed l ings grown in PVM t re a te d  
s o i l  and those in PVD t re a te d  s o i l .  There fo re ,  these two s o i l s  should 
be used w i t h  c a u t i o n  when u s i n g  p e a t - v e r m i c u I ?t e  c u l t u r e s  o f  
mycorrh iza l  fungi  f o r  t e s t i n g  t h e i r  e f f e c t  on seedl ing growth.
The o ther  s o i l s  showed no s e r io u s  n u t r i e n t  c o n t a m in a t i o n  e f f e c t  
w i th  PVM t rea tm en t ,  and thus may be used t o  show s t im u la t i o n  e f f e c t s  by 
mycorrh iza l  fung i  on growth.
The PVM c o n t r o l  was a l s o  in c lu d e d  in  Po t  e x p e r im e n t  2 (6 .3 .2 )  t o  
d e t e c t  n u t r i e n t  c a r r y o v e r ,  and t h e  p e a t - v e r m i c u I i t e  c u l t u r e s  and 
c o n t r o l s  were r i n s e d  a t  t h e  same r a t e  as d e s c r ib e d  in  7t .2.2.  A f t e r  
s t a t i s t i c a l  ana lys is  of  the r e s u l t s  t h e  o n l y  s i g n i f i c a n t  d i f f e r e n c e s  
between t h e  PVD and PVM c o n t r o l  t r e a t m e n t s  in  Pot e x p e r im e n t  2 were 
found in the I r o n h i l  I nursery s o i l  where the PVM t rea tm en t  s t im u la te d  
shoot lengths and stem diameters (but not any dry weights) o f  seed l ings  
above those o f  the PVD t rea ted  seedl ings.  The remaining n u t r i e n t s  in 
the  PVM medium are t h e re fo re  less o f  a problem in the pot system, where 
inoculum concen t ra t ion  in the s o i l  was less than t h a t  used in the  tube 
b ioassays.
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I f  p e a t - v e r m i c u I  i t e  c u l t u r e s  a r e  t o  be used f o r  t e s t i n g  
m y c o r r h i z a l  f u n g i  in b io a s s a y s  i t  may be p o s s i b l e  t o  reduce  th e  
n u t r i e n t  con tam ina t ion  problem by r i n s in g  the  peat-vermicuI  i t e  c u l t u r e s  
very tho rough ly ,  and by reducing the  inoculum volume in the s o i l s .
7.2.3 Phosphate adsaq?±j£fl i n  d i f f e r e n t  so? Is
Poss i b I e  reasons  f o r  t h e  d i f f e r e n c e s  between t h e  so i I s  in  t h e  i r  
e f f e c t  on the  seed l ing response t o  n u t r i e n t  contam inat ion  f rom th e  PVM 
medium were i n v e s t i g a t e d .  I t  was suspec ted  t h a t  in  t h e  tu b e  
e x p e r im e n ts  t h e  f o r e s t  s o i l  was a b le  t o  adsorb t h e  c o n t a m in a n t  
phosphate  f rom  th e  PVM medium, th u s  making i t  u n a v a i l a b l e  f o r  p l a n t  
n u t r i t i o n .
A p r e l i m i n a r y  a d s o r p t i o n  t e s t  was s e t  up us ing  t h e  I r o n h i l I  
n u r s e r y  and B r a m s h i l l  f o r e s t  s o i l ,  t h e  method is  desc r  i bed in  5.4.3.  
Th is  t e s t  measures th e  adsorp t ion  isotherm of  the  s o i l ,  t h i s  being an 
i n d ic a t i o n  o f  the  a f f i n i t y  o f  the s o i l  f o r  t h a t  ion (see s ec t ion  2.2).
T ab le  7.7 shows t h e  amount o f  t h e  phosphate  adsorbed by 5m I o f  
each s o i l  f rom 10ml of  phosphate s o lu t i o n .
Table 7.7 The adsorp t ion  o f  phosphate from a 10Qpg ml" 1 s o l u t i o n  
o f  phosphorus by two s o i l s
Concentrat ion o f  P Percentage o f  P
So i l remaining in s o lu t i o n adsorbed by
(pg ml’ 1) each s o i 1
I r o n h i l l  nursery 78.4 21.6
Bramsh i 11 f o r e s t 30.2 69.8
The r e s u l t s  in Table 7.7 i n d ic a te  t h a t  the  f o r e s t  s o i l  adsorbs 3-4 
t im es  more phosphate from t h i s  s o lu t i o n  than the  nursery s o i l .
Th i s i n i t i a l  s tu d y  showed t h a t  t h e  n u rs e r y  and f o r e s t  s o i l s  had 
d i f f e r e n t  a f f i n i t i e s  f o r  phosphate. Fur ther  examinat ions were made t o  
t e s t  the phosphate adsorp t ion  c h a r a c t e r i s t i e s  o f  the f o r e s t  and nursery  
s o i l s  used in the  bioassay t o  de tec t  n u t r i e n t  con tam ina t ion  f rom PVM 
t rea tm en ts  (7.2.2). The method used is  descr ibed in 5.4.3.
Table 7.8 and Fig.  7.3 show the  r e s u l t s  o f  the adsorp t ion  t e s t s  on 
the s i x  s o i l s ,  represented as the amount of  phosphate adsorbed by 5ml
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Figure 7.3 Percentage of phosphorus adsorbed by different soils
from a lOOpg ml phosphorus solution
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o f each s o i l  from 10ml o f phosphate s o lu t io n .
Table 7.8 H ie  ,ad5Qrpt -i,PQ Q± phosphate from 1QQ. m l-1 s o lu t i o n  
o f  phosphorus i i y  s ix  d i f f e r e n t  so,? Is
Concentrat ion o f  P % P adsorbed Tota l  P adsorbed
Soi 1 remaining in s o lu t i o n from by 5m1 o f  s o i 1
(pg ml“ 1) s o lu t i o n (mg)
Crychan f o re s t 4.4 ±  0.4 95.6 0.956
A ld e r h o l t  f o r e s t 11.9 ±  0.5 88.1 0.881
Ferndown f o r e s t 6.9 ±  0.3 93.1 0.931
T i l h i l l  nursery 53.0 ±  1.4 47.0 0.470
I r o n h i l 1 nursery 78.6 ±  0.2 21 .4 0.214
Compost 48.2 ±  2.6 51 .8 0.518
The t h r e e  f o r e s t  s o i l s  adsorbed much more phosphate  th a n  t h e  
n u r s e r y  s o i l s .  I ronh  i l l  so i I once aga i n shows a much Iow e r  a f f  i n i t y  
f o r  phosphorus than the o ther  s o i l s .  However, i t  was not known whether 
the bound phosphate in these s o i l s  could be re - re leased  i n to  the  s o i l  
s o lu t i o n  t o  become a v a i la b le  f o r  p la n t  r o o t  absorp t ion .
In order  t o  in v e s t ig a te  t h i s  the s o i l  samples were re ta in e d  a f t e r  
t h e  phosphate  a d s o r p t i o n  t e s t ,  and t r e a t e d  by methods d e s c r i b e d  in 
Sect ion  5.4.3 t o  determine the level  o f  exchangeable phosphate in the  
s o i l s  w i th  or  w i th o u t  t rea tm en t  w i th  phosphate s o lu t i o n .
The I eve Is  o f  exchangeab le  phosphorus measured in  s o i l s  w i t h  o r  
w i th o u t  the  a d d i t io n  o f  a 100pg ml"^ phosphorus s o lu t i o n  are shown in 
T a b le  7.9.  The le v e l  o f  phosphorus  adsorbed was c a l c u l a t e d  f ro m  t h e  
values f o r  the  t o t a l  amount o f  phosphate adsorbed (mg P in 5rnl o f  s o i l )  
presented in Table 7.8. These values were converted t o  mg phosphorus 
per 100g o f  dry s o i l  using measurements o f  dry weights determined f o r  
10ml samples o f  each s o i l  (see Append ix  3). From th e s e  da ta  t h e  
p ropo r t ion  of  r e v e r s ib l y  adsorbed phosphate was determined.
The phosphate adsorp t ion t e s t  on the  s i x  s o i l s  showed t h a t  la rge  
percentages of  so lub le  phosphate can be removed from the  s o i l  s o l u t i o n  
by t h e  f o r e s t  s o i  I s. The resu  I t s  in  Tab I e 7.9 show t h a t  on I y a s m a l l  
pe rc e n ta g e  o f  t h i s  bound phosphate  is  exchangeab le  w i t h  t h e  s o i l
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s o lu t i o n ,  and thus a v a i l a b le  f o r  p la n t  n u t r i t i o n .  The I r o n h i l I  nursery 
s o i l  and t h e  compost  have s l i g h t l y  h ig h e r  pe rce n ta g e s  o f  adsorbed 
phosphate a v a i l a b le  f o r  exchange w i th  the s o i l  s o lu t i o n  than the  o the r  
s o i l s ,  b u t  i t  must be remembered t h a t  these  s o i l s  adsorbed le s s  
phosphate f rom s o lu t i o n  than the  f o r e s t  s o i l s .
Table 7.9 Levels o f  exchangeable phosphorus in s o i l s  a f t e r  t rea tm en t  
w i th  a 10Ofjg m l-1 phosphorus s o lu t i o n
Soi 1
Exchangeable P in s o i l  
(mq P 100q_1) 
w a te r - t re a te d  P - t rea ted
Level o f  
adsorbed P 
(mg 100g” 1)
£ o f  adsorbed 
P a v a i la b le  
f o r  exchange
Crychan f o r e s t 0.088 0.414 29.8 1 .09
A ld e r h o l t  f o r e s t 0.076 1 .464 46.7 2.97
Ferndown f o r e s t 0.052 0.368 35.4 0.89
T i l h i l l  nursery 0.177 0.644 6.0 7.78
I r o n h i l 1 nursery 0.032 0.199 3.1 5.39
Compost 0.442 1 .527 9.6 11 .30
I t  is  t h e r e f o r e  proposed t h a t  in t h e  f o r e s t  s o i I s  any phospha te  
leaching from the PVM medium is  immedia te ly bound t o  the s o i l  m a t r i x  
and made unava i lab le  f o r  exchange w i th  the s o i l  s o lu t i o n  and hence f o r  
p l a n t  g ro w th .  Whereas in  t h e  I r o n h i l I  n u r s e r y  s o i l  and p o s s i b l y  
compost ,  when phosphate  is  leached f rom  t h e  PVM medium on I y a smal I 
percentage is  adsorbed onto the s o i l  m a t r i x ,  and the  r e s t  rema in ing  in 
s o lu t i o n  is a v a i la b le  f o r  p la n t  growth.
I t  should be s ta ted  t h a t  the le ve ls  o f  exchangeable phosphorus in 
t h e  s o i l s  a f t e r  phosphate  t r e a t m e n t ,  as seen in T a b le  74.9,  a r e  much 
h igher  than would have been expected from n u t r i e n t  con tam ina t ion  in the  
bioassays, t h i s  example merely being intended t o  compare the  phosphate 
a f f i n i t i e s  between the s o i l s .  I t  must a lso be st ressed t h a t  phosphate 
is  u n l i k e l y  t o  be the  on ly  contaminat ing  n u t r i e n t  a r i s i n g  f rom th e  PVM 
medium.
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DISCUSSION
Chapter 8 Perspective assessment of glasshouse and laboratory tests
8.1 Introduction
The i n o c u l a t i o n  o f  n u rs e ry  s e e d l i n g s  v/ i th mycorrh iza l  fungi  has 
i n t e r e s t e d  p l a n t  b i o l o g i s t s  f o r  many ye a rs .  The need f o r  r o u t i n e  
t e s t i n g  o f  m y c o r r h i z a l  f u n g i ,  b e fo r e  t h e i r  ev en tua l  use in n u r s e r y  
in o c u la t io n  programmes, becomes more apparent as f u r t h e r  knowledge on 
the  d i f f e re n c e s  between mycorrh iza l  fungi  in t h e i r  a b i l i t y  t o  promote 
p la n t  growth is obtained. The p o te n t ia l  use o f  e f f e c t i v e  mycorrh iza l  
f u n g i  f o r  i n o c u l a t i n g  f o r e s t  t r e e  s e e d l i n g s  is  re v ie w e d  e ls e w h e re  
(Bowen, 1965; Trappe, 1977), and several  s tud ies  have been made on the 
e f f e c t s  o f  d i f f e r e n t  m y c o r r h i z a l  fu n g i  on p l a n t  g ro w th  and n u t r i e n t  
up take  (see S e c t i o n  2.8).
In t h i s  study a t tempts  have been made t o  develop e f f i c i e n t  r o u t in e  
t e s t  sys tems f o r  as s e s s in g  th e  e f f e c t s  o f  m y c o r r h i z a l  f u n g i  on t h e  
growth and n u t r i e n t  uptake of  S i tka  spruce seedl ings.  These systems 
have been deve loped t o  r e p r e s e n t  t h e  n a t u r a l  e n v i r o n m e n t  as f a r  as 
poss ib le ,  w i th  p a r t i c u l a r  cons ide ra t ion  towards the s o i l  and source o f  
the mycorrh iza l  i so la tes .
In Chapter 6 i t  was demonstrated t h a t  the i s o la te s  o f  mycorrh iza l  
fungi  tes ted  d i f f e r e d  in t h e i r  a b i l i t y  t o  a) form mycorrhizas on S i t k a  
sp ruce  s e e d l i n g s ,  b) s t i m u l a t e  s e e d l i n g  g ro w th  and c) a l t e r  t h e  
n u t r i e n t  s ta tu s  of  these s e e d l in g s .  F u r t h e r m o r e ,  th e  p e r fo rm a n c e  o f  
t h e  d i f f e r e n t  m y c o r r h i z a s  in t h i s  r e s p e c t  was shown t o  be a f f e c t e d  
d r a m a t i c a l l y  by the s o i l  type. The s ig n i f i c a n c e  o f  these r e s u l t s  are 
considered in more depth in Sect ions 8.2-B.4.
Two d i s t i n c t  methods of  t e s t i n g  mycorrh iza l  fungi  we/"e a t tempted 
in t h i s  study, namely glasshouse bioassays and Iaboratory-based t e s t s .  
The value o f  these methods f o r  f u tu re  research and development in the  
a p p l i c a t i o n  o f  mycorrh izal  fungi  in f o r e s t r y  is discussed in Sect ions
8.5 and 8 .6 .
8.2 Effects f i t  mycorrhizaI fungi fin seedling growth
Ind iv idua l  species and i s o la te s  o f  mycorrh iza l  fung i  are known t o  
a l t e r  the  ra tes  o f  shoot he igh t  ex tens ion and dry we ight accumula t ion  
t o  d i f f e r e n t  ex ten ts  (Young, 1940; Theodorou and Bowen, 1970; Lamb and
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Richards,  1971; Ekwebelam, 1979; Thomas, 1980).
The g ro w th  r a t e  o f  a s e e d l i n g  a t  th e  t i m e  o f  p l a n t i n g  in  th e  
f o r e s t  s i t e  can t o  some ex ten t  in f luence  the ra te  o f  i t s  es tab l ishm en t .  
The presence of  s u i t a b le  mycorrhizas on the ro o t  system w i l l  f u r t h e r  
increase the  ra te  a t  which the  seedl ing  adapts t o  the new environment.  
Combining these fa c to rs  should reduce the chance o f  a check in g rowth,  
wh ich  wouId o t h e r w i s e  lead t o  loss  o f  c o m p e t i t i v e n e s s  o v e r  v i g o r o u s  
weed p lan ts .
The assessment o f  mycorrh iza l  fungi  in t h i s  p r o je c t  was t h e r e fo re  
based main ly  on t h e i r  a b i l i t y  t o  increase seed l ing  growth.
8.2.1 Genera I growth response w i t h  d i f f e r e n t  inocula
The r e s u l t s  f rom  th e  p o t  and tu b e  e x p e r im e n ts  in  C h ap te r  6 have 
shown t h a t  the d i f f e r e n t  fungi  tes ted  were able t o  increase seed l ing 
growth a t  s i g n i f i c a n t l y  d i f f e r e n t  ra tes .
The fungi  tes ted  in the  bioassays had been se lec ted from a range 
o f  d i f f e r e n t  h a b i t a t s .  The b e h a v io u r  o f  t h e s e  f u n g i  i s  d i s c u s s e d  in 
r e l a t i o n  t o  t h e i r  i s o la t i o n  s i t e .
The most u b i q u i t o u s  m y c o r r h i z a l  fungus in n u r s e r i e s  is  t h e  'E- 
s t r a i n 1 fungus  (L e v is o h n ,  1954, 1965; L a ih o ,  1965). T h i s  i s  t h e  most  
common mycorrh iza l  fungus in B r i t i s h  S i tka  spruce nu rse r ies  (Thomas and 
Jackson, 1979), but  is  o c c as iona l ly  found in the f o r e s t  (Thomas a I . f 
1983).  In t h e s e  b io a s s a y s  t h i s  fungus  improved g r o w t h  above t h e  
u n in o c u la t e d  c o n t r o l  s e e d l i n g s  in  most o f  t h e  s o i l s  i n c l u d i n g  t h e  
f o r e s t  s o i l s ,  b u t  i t s  a b i l i t y  t o  s t i m u l a t e  s e e d l i n g  g r o w t h  in t h e  
f o r e s t  s o i l s  was s i g n i f i c a n t l y  weaker than t h a t  o f  o th e r  mycor rh iza l  
f u n g i ,  p a r t i c u l a r l y  X*. t e r r e s t r  i s . The ' E - s t r a i n *  fungus  may be 
c o n s id e re d  an o p p o r t u n i s t  m y c o r r h i z a l  fungus ,  be ing  p r e v a l e n t  in 
n u r s e r i e s  b u t  o f t e n  r e p la c e d  in f o r e s t  e n v i ro n m e n ts  ( M i k o l a ,  1965; 
Thomas and Jackson, 1979) where s p e c i a l i s t  mycorrh iza l  fung i  are more 
com pe t i t i ve .
The n u rs e ry  b a s id io m y c e te s  B1 and B3 are  found le ss  f r e q u e n t l y  
than  t h e  ' E - s t r a i n '  fungus in  th e  n u r s e r y  (Thomas and Jackson ,  1979).  
The i s o la t e  B1 produced a dramat ic  increase in seed l ing growth  in the  
I r o n h i l l  nursery s o i l  in Pot exper iment  1 and the prepared compost in 
Pot exper iment 2, but  the  behaviour o f  both the nursery bas id iomyce tes 
i n t h e  f o r e s t  so i  I s shows them t o  be i I l - s u  i t e d  t o  t h  i s t y p e  o f  s o i  I. 
U n l i k e  t h e  ' E - s t r a i n '  fungus t h e r e f o r e ,  t h e y  must be s p e c i f i c a l l y
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adapted t o  nursery environments only.
The T. t e r r e s t r i s  i s o la te s  improved seedl ing  growth in most o f  the 
s o i l s ,  though t h i s  was most ev iden t  in the f o r e s t  s o i l s .  Th is  fungus 
i s  commonly found in bo th  n u r s e r y  ( M i k o l a ,  1970; Thomas and Jackson ,  
1979) and f o r e s t  environments (Thomas f i l . ,  1983). The two i s o la te s  
used in  t h i s  s tu d y  were o b t a in e d  f rom  d i f f e r e n t  s o u rc e s ,  one f rom  a 
n u r s e r y  s i t e  and t h e  o t h e r  f rom  a matu re  s tand  o f  S i t k a  s p ru c e  (see 
Tables 4.3 and 4.4). In Pot exper iment  1 the  fo re s t  i s o la t e  was found 
t o  be s i g n i f i c a n t l y  more e f f e c t i v e  than  t h e  n u r s e r y  i s o l a t e  in  
i n c r e a s in g  t o t a l  d ry  w e ig h t  and shoo t  h e i g h t  o f  seed I ings grown in a 
f o r e s t  s o i l .  I t  i s  t h e r e f o r e  s p e c u la te d  t h a t  th e  f o r e s t  i s o l a t e  o f  
t h i s  fungus was p h y s i o l o g i c a l l y  b e t t e r  adapted t o  the f o r e s t  s o i l  than 
t h e  n u r s e r y  i s o l a t e .  S t r a i n  d i f f e r e n c e s  w i t h i n  a s p e c i e s  o f  
m y c o r r h i z a l  fungus have been reco rded  p r e v i o u s l y  f o r  Rh ? zopogon 
Iu teo lus  i s o la te s  in r e l a t i o n  t o  t h e i r  e f f e c t s  on the growth o f  Pinus 
ra d ia ta  in s t e r i l i z e d  s o i l  (Theodorou and Bowen, 1970).
The two Laccar ia species included in the bioassays d i f f e r e d  from 
one another in t h e i r  e f f e c t s  on p la n t  growth in d i f f e r e n t  s o i l s .  The 
L. I a cca ta  i so I a t e  was ob ta  i ned f rom  a n u rs e r y  and t h e  L*. a m e th y s te a  
i s o l a t e  f rom a matu re  f o r e s t .  Growth s t i m u l a t i o n  by t h e  L. I a c c a t a  
i s o la t e  was in e x p l i c a b ly  in c o n s is te n t  t h ro u g h o u t  th e  e x p e r i m e n t a t i o n .  
In the  f i r s t  pot  exper iment  the  two Laccar ia  species were s i m i l a r  in 
e f f e c t  on g ro w th  in t h e  f o r e s t  s o i l ,  whereas in  t h e  l a t e r  Tube 
exper iment  2 L. amethystea mycorrhizas were c o n s i s te n t l y  more e f f e c t i v e  
than Lu Iaccata mycorrhizas in s t im u la t i n g  p la n t  growth in the  f o r e s t  
so i  I . I t  is  suspec ted  t h a t  t h e  s t  i mu I a t o r y  e f f e c t  o f  t h  i s L,. I a c c a ta  
i s o la te  was reduced w i th  t im e ,  because the performance o f  t h i s  i s o la t e ,  
p a r t i c u l a r l y  in comparison t o  the  X t  t e r r e s t r i s  is o la te s  used in t h i s  
s t u d y ,  and t h a t  o f  Thomas (1980),  appears  t o  be p oo re r  s e v e r a l  y e a rs  
a f t e r  i t s  i s o l a t i o n  in 1976. T h is  reduced g ro w th  s t i m u l a t i o n  is  
assoc ia ted w i th  a decrease in the percentage mycorrh iza l  r o o t  f o rm a t io n  
by t h i s  i s o la te .  Marx (1981) repor ted t h a t  the  p o te n t ia l  o f  P i s o l i t h u s  
t  i n c t o r  i us i s o l a t e s  t o  fo rm  m y c o r r h i z a s  was reduced a f t e r  4 y e a rs  
g r o w th  in c o n t in u o u s  a x e n ic  c u l t u r e ,  and t h a t  t h i s  p o t e n t i a l  can be 
in c re a s e d  t o  some e x t e n t  by r e c y c l i n g  t h e  f u n g u s  t h r o u g h  t h e  
m y c o r r h i z a l  s t a t e  w i t h  t h e  hos t  p l a n t .  T h i s  loss  o f  'm y c o r r h i z a l  
v i g o u r '  shou ld  t h e r e f o r e  be c o n s id e re d  c a r e f u I  Iy when u s in g  s i n g l e  
is o la te s  f o r  long per iods.
The u n i d e n t i f i e d  b a s i d i o m y c e te  13 was o b t a in e d  f rom  a m a tu re
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f o r e s t  e n v i r o n m e n t .  T h i s  i s o l a t e  d id  no t  fo rm m y c o r r h i z a s  in any o f  
the glasshouse bioassays.
The Et  invo lu tus  i s o la t e  from a mature fo re s t  formed mycorrh izas  
in most o f  the f o r e s t  s o i l s  in which i t  was tes ted ,  al though the ex ten t  
o f  mycorrh iza l  ro o t  fo rm a t ion  by t h i s  fungus was less than w i th  o thers  
such as T. t e r r e s t r i s . The r e l a t i v e l y  low pe rcen tag e  o f  P. i n v o l u t u s  
mycorrh izas present a t  harvest  may r e f l e c t  a delay in mycorrh iza l  r o o t  
f o rm a t ion ,  and probably exp la ins  the sm a l le r  growth response assoc ia ted 
w i th  t h i s  fungus. Pax ?I I us i nvo lu tus  may e x i s t  ou ts ide  the  mycorrh iza l  
s ta te  f o r  long per iods,  and is  t h e re fo re  considered t o  be a f a c u l t a t i v e  
m y c o r r h i z a l  fungus ( L a ih o ,  1970). T h is  f o r e s t  i s o l a t e  fo rmed few 
rnycorrh izas  in  I r o n h i l l  n u r s e r y  so i I in Pot expe r  i m e n t 2  and none in  
t h i s  s o i l  in Pot exper iment  1.
The geoph i 1u m i s o l a t e  f rom A l d e r h o l t  f o r e s t  fo rmed no 
mycorrhizas in the nursery s o i l  in Pot exper iment  1, and i t s  a b i l i t y  t o  
form mycorrhizas and subsequent e f f e c t  on seed l ing growth in the  f o r e s t  
s o i l  were poor in t h i s  exper iment.  In Tube exper iment  2 t h i s  i s o la t e  
o f  C. geoph i I  urn formed Ia rger  numbers o f  mycorrhizas in the  f o r e s t  s o i l  
than before ,  but  was not so e f f e c t i v e  in increas ing seed l ing  growth as 
o t h e r  f u n g i  f o r m in g  s i m i l a r  p r o p o r t i o n s  o f  m y c o r r h i z a s  in t h i s  
exper iment.  The geoph ?I urn i s o la te  f rom A l i c e  H o l t  f o r e s t  formed no
mycorrh izas in any o f  the  bioassays.
Pi so I i t h u s  t  ? nc to r  i us formed no mycorrhizas in these exper iments.  
The n a t u r a l  o c c u r r e n c e  o f  £«. t  ? n c t o r  i us m y c o r r h i z a s  on many t r e e  
species,  p a r t i c u l a r l y  those o f  P ?nus. is we l l  documented (Marx, 1977). 
There  i s ,  however ,  no a p p a re n t  i n f o r m a t i o n  on t h e  p resence  o f  t h i s  
fungus on S i t k a  sp ruce .  P i so I ? t h u s  t  ? n c t o r  i us is  c o n s id e r e d  an 
e f f e c t i v e  mycorrh iza l  fungus f o r  many t re e  species (Marx, 1977), bu t  i t
would  appear t h a t  i t  i s  o f  I i t t l e  use f o r  t h e  n u rs e ry  i n o c u l a t i o n  o f
S i tka  spruce. Fur thermore, the na tura l  occurrence o f  t h i s  fungus has 
r a r e l y  been recorded in Great B r i t a i n ,  and t h i s  suggests t h a t  i t  is  not  
we l l  adapted t o  the  B r i t i s h  c l im a te .
The bioassay r e s u l t s  have th e r e fo re  shown t h a t  the i s o l a t i o n  s i t e  
o f  many o f  these fungi  r e f l e c t s  t h e i r  a b i l i t y  t o  form mycorrh izas and 
enhance seedl  ing g ro w th  in e i t h e r  n u rs e ry  o r  f o r e s t  t y p e  s o i I s .  The 
n u r s e r y  i s o l a t e s  B1, B3 and ' E - s t r a i n *  fungus  were more e f f e c t i v e  in 
t h e  n u rs e ry  than  in t h e  f o r e s t  s o i l s ,  w h i l s t  f o r e s t  i s o l a t e s  o f  JX. 
? n v o I u t u s  and C. g e o p h i l u m ( A l d e r h o l t )  were more s u c c e s s f u l  in  t h e
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f o r e s t  s o i I s .
The i n a b i l i t y  o f  i s o l a t e  13 and geoph ? I um ( A l i c e  H o l t ) ,  
i s o l a t e d  f rom  S i t k a  sp ru c e  in m a tu re  f o r e s t  s tands  (T a b le s  4.3 and 
4.4), may be re la te d  t o  the inadequate adapta t ion o f  these fung i  t o  the
seed l ing stage o f  the p la n t ,  a l though t h i s  can on ly  be speculated.
Some o f  t h e  i s o l a t e s  p e r fo rm ed  b e t t e r  in t h e  second than  in t h e  
f i r s t  pot  exper iment.  In the f i r s t  pot  exper iment  the inocu la ted  s o i l  
was plan ted w i th  re c e n t l y  germinated seed l ings ,  thus g i v in g  r i s e  t o  a 
delay before the seedl ings were a t  a s u i t a b le  developmental stage f o r  
mycorrh iza l  ro o t  fo rmat ion .  I t  is  very l i k e l y  t h a t  t h i s  delay a f fe c te d  
t h e  v i a b i l i t y  o f  some o f  t h e  m y c o r r h i z a l  in o c u la .  T h i s  p rob lem  is  
d is c us s ed  in  S e c t i o n  S.5.1.  In t h e  second p o t  e x p e r im e n t  t h i s  d e lay  
was reduced by p la n t in g  the inocu la ted s o i l  w i th  6-8 week seed l ings .
V a r io u s  measurements were made on t h e  h a rv e s te d  s e e d l i n g s  t o  
de tec t  whether any o f  the  fung i  a f fe c ted  the growth o f  s p e c i f i c  pa r ts  
o f  t h e  p l a n t .  Shoot d ry  w e ig h t ,  r o o t  d ry  w e ig h t ,  t o t a l  d ry  w e ig h t ,  
s hoo t  le n g th  and stem d ia m e te r  o f  seed I ings  were al I a f f e c t e d  by t h e  
p resence  o f  m y c o r r h i z a s .  The d i s t r i b u t i o n  o f  b iomass be tween t h e  
a e r ia l  and r o o t  par ts  o f  the p la n t ,  the s hoo t - ro o t  r a t i o ,  was a f fe c te d  
in on ly  some o f  the inoculated seed l ings.  Dry weight measurements are 
perhaps considered the best  i n d ic a t i o n  of  growth changes in inocu la ted  
seed l ings.  The use of  o ther  growth measurements and mycorrh iza l  r o o t  
counts f o r  assessing the performance of  d i f f e r e n t  mycorrh iza l  fung i  is  
d i s c u s s e d  in t h e  f o l l o w i n g  sec t ions  (8.2.2- 8.2.5).
8.2.2 Mycorrh iza l  m p ±  ggu.n±£
A s e e d l i n g  w i t h  a l a rg e  number o f  m y c o r r h i z a l  s h o r t  r o o t s  w i l l
t h e o r e t i c a l l y  gain more advantage from the sym b io t ic  a s s o c ia t io n  than
+
one w i th  a sm a l le r  number o f  mycorrh iza l  s h o r t  roots .  Furthermore,  the  
r a t e  a t  wh ich  m y c o r r h i z a s  are  fo rmed w i l l  i n f l u e n c e  th e  i n c r e a s e  in 
g r o w th  r a t e  ov e r  a s p e c i f i e d  t i m e  p e r i o d  (Lamb and R ic h a r d s ,  1974a; 
Marx and Bryan ,  1975). The g ro w in g  season in  t e m p e r a te  f o r e s t  
nu rse r ies  is about 6 months, depending on local  c l i m a t i c  c o n d i t i o n s ,  
t h e r e f o r e  th e  inocu lum must  be a b le  t o  fo rm  m y c o r r h i z a s  r e a s o n a b ly  
q u i c k l y  i f  i t  i s  t o  b e n e f i t  t h e  p l a n t  d u r i n g  t h e  f i r s t  yea r  o f  g r o w t h  
in  t h e  n u r s e r y .  T h is  f a c t o r  shou ld  be c o n s id e re d  when a s s e s s in g  
mycorrh iza l  fungi  f o r  p o te n t ia l  use in nursery in ocu la t ion  programmes.
The s e e d l i n g s  in t h e  po t  and tube  e x p e r im e n ts  were grown f o r  
p e r io d s  s i m i l a r  t o  th e  n a t u r a l  annual g row th  season in  f o r e s t  
nurser ies .  A q u a n t i t a t i v e  measurement of  mycorrh izal  roo ts  was made 
a f t e r  harves t ing  the seed l ings t o  compare numbers o f  mycorrh iza l  roo ts  
w i t h  g r o w th  in c re a s e ,  and t o  assess th e s e  r e s u l t s  in r e l a t i o n  t o  t h e  
’growth  season' .
Due t o  t h e  la rg e  s c a le  o f  t h e  p o t  and tuue  e x p e r im e n ts  i t  was 
necessary t o  harves t  and measure th e  s e e d l i n g s  r e a s o n a b ly  q u i c k l y  t o  
reduce  g ro w th  d i f f e r e n c e s  between t h e  f i r s t  and l a s t  s e e d l i n g s  
h a rv e s te d .  The e x t e n t  o f  m y c o r r h i z a l  r o o t  f o r m a t i o n  was t h e r e f o r e  
es t imated from a p ropo r t ion  of  the whole ro o t  system, and al though t h i s  
is a less accurate assessment than a t o t a l  ro o t  count,  i t  p e rm i t te d  a 
more rap id  measurement.
In o r d e r  t o  j u d g e  w h e t h e r  a q u a n t i t a t i v e  m e a s u r e m e n t  o f  
m y c o r r h i z a l  r o o t  f o r m a t i o n  can be used t o  assess t h e  a b i l i t y  o f  a 
fungus t o  enhance seed l ing growth,  the  t o t a l  dry we ights o f  seed l ings  
were p l o t t e d  a g a in s t  t h e i r  p e r c e n t a g e  o f  s h o r t  r o o t s  f o r m i n g  
m y c o r r h i z a s  in each e x p e r im e n t  (F ig s .  6 .3 ,  6 .8 , 6.18 and 6 .21) .  T h i s  
comparison was made f o r  each s o i l  separa te ly  t o  in v e s t ig a te  the  e f f e c t s  
o f  d i f f e r e n t  s o i l s  on t h e  r e l a t i v e  im p o r ta n c e  o f  m y c o r r h i z a l  r o o t  
numbers t o  seed l ing growth.
An in c re a s e  in pe rc e n ta g e  m y c o r r h i z a l  r o o t s  was r e l a t e d  t o  an 
increase in t o t a l  seed l ing dry we igh t  in a l l  the f o r e s t  s o i l s .  Thus a 
poor growth response in the  f o r e s t  s o i l s  can be p a r t l y  r e la te d  t o  poor 
mycorrh iza l  r o o t  fo rm a t ion .  Conversely,  in the  I ronh i I  I nursery  s o i l  
t h e r e  was a p p a r e n t l y  l i t t l e  o r  no r e l a t i o n s h i p  be tween p e rc e n ta g e  
m y c o r r h i z a l  r o o t  f o r m a t i o n  and t o t a l  d ry  w e ig h t  in  any o f  t h e  
exper iments.  The un inocu la ted con t ro l  seed l ings grew r e l a t i v e l y  we l l  
in t h i s  s o i l .  I t  is  t h e r e fo re  concluded t h a t  growth increase in t h i s  
s o i l  is  less  dependent  on numbers o f  m y c o r r h i z a s  th a n  on a g r e a t e r  
a v a i l a b i l i t y  o f  n u t r i e n ts .
In t h e  compost  in Po t  e x p e r im e n t  2 a r e l a t i o n s h i p  be tween t o t a l  
dry we igh t  and percentage mycorrhizas is  shown, w i th  the excep t ion  o f  
th o s e  seedl  ings m y c o r r h i z a l  w i t h  i s o l a t e  B1 (F ig .  6 .8 f ) .  T h i s  fungus  
caused a la rger  growth increase than o the r  mycorrh iza l  fung i  in t h i s ,  
s o i l ,  and w i th  r e l a t i v e l y  lower percentages o f  mycorrh iza l  s h o r t  roo ts .  
The i s o la t e  B1 is  no t ice ab ly  d i f f e r e n t  f rom o the r  fungi  tes te d  in t h a t  
the re  are ex tens ive amounts of  e x t ra m a t r i c a I  rnycel ia assoc ia ted w i th
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i t s  mycorrh izas (Thomas and Jackson, 1979). This associa ted mycelium 
is presumably capable o f  a c t i v e  n u t r i e n t  absorp t ion ,  and so the number 
o f  m y c o r r h i z a l  r o o t s  does no t  t o t a l l y  accoun t  f o r  t h e  a b s o r p t i v e  
capac i ty  o f  the ro o t  system.
On t h e  b a s i s  o f  t h i s  ev idence  i t  is  t h e r e f o r e  suggested t h a t  t h e  
q u a n t i t a t i v e  measurement o f  mycorrh iza l  r o o t  fo rm a t ion  by r o o t  count ing 
should be used w i th  cau t ion  when assessing d i f f e r e n t  mycorrh iza l  fungi  
(w h ic h  m ig h t  v a r y  w i d e l y  in t h e i r  morpho logy  and r e l a t i v e  n u t r i e n t  
uptake e f f i c i e n c y )  f o r  t h e i r  a b i l i t y  t o  enhance seed l ing growth.  This  
method is a lso considered unsu i tab le  f o r  assessing mycorrh iza l  fung i  in 
s o i l s  which d i f f e r  in n u t r i e n t  a v a i I a b i I i t y .  Mycorrh iza l  r o o t  counts 
a re ,  however ,  e s s e n t i a l  f o r  as s es s ing  th e  c o l o n i z a t i o n  r a t e s  o f  
d i f f e r e n t  mycorrh iza l  fung i .
8.2.3 SiiQ.Pt r r O P t  r a t i o
The d i s t r i b u t i o n  o f  b iomass between t h e  shoo t  and r o o t  o f  t h e  
p l a n t  as a f f e c t e d  by t h e  p resence o f  d i f f e r e n t  m y c o r r h i z a l  f u n g i  has 
been suggested as a c r i t e r i o n  f o r  s e le c t in g  mycorrh iza l  fungi  f o r  the 
p r o d u c t i o n  o f  n u rs e r y  seed I i n g s  (T rappe ,  1 977).  I t  i s  no t  c l e a r  f rom  
the  I i t e r a t u r e  what s p e c i f i c  value of  shoo t - ro o t  r a t i o  is  d e s i ra b le  f o r  
a s e e d l i n g  t r a n s p l a n t .  Perhaps d i f f e r e n t  e n v i r o n m e n ts  r e q u i r e  
d i f f e r e n t  r a t i o s  t o  w i t h s t a n d ,  f o r  example ,  s t r o n g  w inds  o r  i n t e n s e  
com pe t i t io n  f rom indigenous weed species.
R e po r ts  on t h e  e f f e c t s  o f  m y c o r r h i z a l  fu n g i  on s h o o t - r o o t  r a t i o  
are in c o n s is te n t  and t h e r e fo re  d i f f i c u l t  t o  eva luate.  In c o n d i t io n s  o f  
m ode ra te  n u t r i e n t  a v a i l a b i l i t y  s h o o t - r o o t  r a t i o  can be reduced  by 
P i s o l i t h u s  t i n c t o r  i us and T h e lep ho ra  t e r r e s t r i s  m y c o r r h i z a s  and 
increased by Laccar ia  Iaccata mycorrhizas in comparison t o  un inocu la ted  
c on t ro l  seed l ings o f  Douglas f i r  (Trappe, 1977). However, Trappe and 
S t rand  (1969) found no change in s h o o t - r o o t  r a t i o s  o f  Doug las  f i r  
seed l ings  in the presence o f  mycorrhizas when grown in nursery beds.
The shoo t - ro o t  r a t i o  was not s i g n i f i c a n t l y  a f fe c ted  in e i t h e r  the  
Po t  1 o r  Tube 2 e x p e r im e n ts .  In t h e  Pot  2 and Tube 1 e x p e r i m e n t s  t h e  
s h o o t - r o o t  r a t i o  was in c re a s e d  by o n l y  some o f  t h e  f u n g i ,  b u t  neve r  
decreased in comparison t o  the un inocu la ted seedl ings.
S h o o t - r o o t  r a t i o  can be inc reased  by t h e  a d d i t i o n  o f  phospha te  
(Bowen and C a r tw r ig h t ,  1977), and t h e re fo re  increases in the s h o o t - r o o t  
r a t i o  in t h i s  s tu d y  may have been r e l a t e d  t o  an inc reased  u p ta k e  o f  
t h i s  n u t r i e n t  f rom the i n f e r t i l e  s o i l s  in the presence o f  mycorrh izas ,
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r a th e r  than a d i r e c t  in f luence  by fungal metabo l i tes .  Smith (1980) has 
sugges ted  t h a t  d i f f e r e n c e s  in  s h o o t - r o o t  r a t i o  f o u n d  b e tw e e n  
mycorrh iza l  and non-rnycorrhizal  seedl ings may be re la te d  t o  d i f f e re n c e s  
in t h e i r  phys io log ica l  development ra th e r  than the presence o f  s p e c i f i c  
mycorrh iza l  func i .
I t  is  t h e r e f o r e  conc luded  t h a t  u n t i I  more i n f o r m a t i o n  abou t  t h e  
e f f e c t s  o f  m y c o r r h i z a l  f u n g i  on s h o o t - r o o t  r a t i o  i s  o b t a i n e d ,  t h i s  
parameter should be considered less impor tan t  than o thers  on which t o  
base a s e le c t io n  programme.
8 .2 .4  Shoot he igh t
In t h e s e  e x p e r im e n ts  s i g n i f i c a n t  d i f fe re n c e s  between in d iv id u a l  
mycorrh iza l  fung i  were found more f re q u e n t l y  by comparing t h e i r  e f f e c t s  
on shoot he igh t  (and sometimes stern diameter)  ra th e r  than on dry we igh t  
a c c u m u la t io n .  I t  i s  t h e r e f o r e  assumed t h a t  t h e  m y c o r r h i z a l  fungus  
r e q u i r e s  a lo n g e r  p e r i o d  o f  t i m e  t o  have a s i g n i f i c a n t  e f f e c t  on 
seed I i ng d ry  w e ig h t  than  on s hoo t  h e i g h t .  In one r e s p e c t  t h e  e a r l y  
d i f f e r e n c e s  d e te c te d  in  s h o o t  h e i g h t  in c re a s e s  may be u s e f u l  f o r  
p re d i c t i n g  p o te n t ia l  d i f f e r e n c e s  between m y c o r r h i z a l  i n o c u l a ,  w h ic h  
m ig h t  have been missed by d ry  w e ig h t  measurements a lo n e .  Even so, 
shoot he igh t  does not take  in to  account the ex ten t  o f  branch ing,  and is 
t h e r e f o r e  no t  as good a measure o f  m y c o r r h i z a l  e f f e c t i v e n e s s  as d ry  
we ight.  I t  must be s t ressed t h a t  when s e le c t in g  mycorrh iza l  fung i  f o r  
use in nursery in ocu la t ion  an assessment of  seed l ing  dry we igh t  in the  
presence of  s p e c i f i c  mycorrh iza l  fungi  is  e s s e n t i a l ,  and t h a t  t o  base 
growth ana lys is  on shoot he igh t  measurements alone is unwise.
D u r ing  h a r v e s t i n g  t h e  shoo ts  o f  s e e d l i n g s  were examined f o r  
changes in b ra n c h in g  h a b i t ,  bu t  t h e r e  were never  c o n s i s t e n t  changes 
re la te d  t o  s p e c i f i c  inocula or s o i l s .  The branching h a b i t  o f  r o o t s  is  
known t o  be a f f e c t e d  by t h e  presence o f  d i f f e r e n t  m yco r rh  i z a l  fung  i , 
but  the re  is  no conc lus ive  evidence f o r  changes in shoot morphology by 
t h e  i n t e r a c t i o n  o f  m y c o r r h i z a I  f u n g i  w i t h  t h e  hormonal c o n t r o l  in 
p lan ts  ( S la n k is ,  1973).
8.2.5 Seed I ing growth ra te
F r e q u e n t  g r o w t h  m e a s u r e m e n ts  o f  s e e d l i n g s  w i t h  d i f f e r e n t  
m y c o r r h i z a l  f u n g i  a re  u s e f u l ,  as th e y  may i n d i c a t e  t h e  r a t e  o f  
mycorrh iza l  ro o t  fo rm at ion  and the  subsequent growth enhancement. The 
g ro w th  r a t e  can a l s o  be e x t r a p o l a t e d  t o  a l l o w  an e s t i m a t e  o f  t h e
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cont inued performance of  the mycorrh iza l  t rees .
Measurement o f  s e e d l i n g  grov / th  r a t e  has been used by v a r i o u s  
a u t h o r s  t o  d e m o n s t ra te  t h e  b e n e f i t  o f  r n y c o r rh i z a I  i n o c u l a t i o n  t o  
seed I i n g s  in  t h e  f i e l d .  H e ig h t  d i f f e r e n c e s  between m y c o r r h i z a l  and 
un i n o c u l a t e d  c o n t r o l  seed I ings  have been reported t o  con t inue  f o r  a t  
l e a s t  4 yea rs  a f t e r  o u t p l a n t i n g  ( M i k o l a ,  1967; M exe l ,  1980).  F i e l d  
exper iments  by Theodorou and Bowen (1970) show th a t  the growth r a te  o f  
P..i.n.u,s r a d ia ta  seedl ings w i th  Su i I I us granu I atus mycorrhizas can remain 
h igher  than uninocu la ted seedl ings over a per iod o f  5 years.  Using the  
da ta  f rom thes e  r e s u l t s  Mexal (1980) showed t h a t  t h i s  d i f f e r e n c e  in  
shoot he igh t  is most probably a t t r i b u t a b l e  t o  the f a s te r  es tab l ishm en t  
o f  the  mycorrh izal  seed l ings,  which leads t o  a la rge r  he igh t  advantage. 
Thus the  i n i t i a l  s ize  and grov/th r a te  of  seedl ings a t  o u tp la n t in g  are 
im por tan t  f o r  e s ta b l i s h in g  a growth advantage in the f i e l d  (Sweet and 
IVareing, 1966; Mexal, 1980).
S e e d l in g  g ro w th  r a t e  was d e te rm in e d  by n o n - d e s t r u c t i v e  s h o o t  
he igh t  measurement dur ing the growth per iod in the glasshouse in o rder  
t o  o b t a i n  a d d i t i o n a l  i n f o r m a t i o n  abou t  t h e  e f f e c t s  o f  t h e  d i f f e r e n t  
f  ung i .
Two methods o f  assessing the  growth r a te  data were used. F igures  
8 . 1a and 8 . 1b show a t y p i c a l  s e t  o f  g ro w th  da ta  t r e a t e d  by t h e s e  tw o  
methods. The f i r s t  method uses t h e  a b s o lu t e  g ro w th  r a t e  (AGR), a 
measure o f  the average change in growth a t  a s p e c i f i e d  per iod  o f  t im e .  
The g r o w th  c u rv e  in F ig .  8.1a shows how t h e  AGR a t  t i m e  t= 2  is  f a s t e r  
than  a t  t i m e  t= 1 .  Thus t h e  AGR t h e o r e t i c a l  ly  in c re a s e s  w i t h  t i m e .  
T h i s  r a t e  is  com parab le  t o  t h a t  o f  compound i n t e r e s t ,  because a t  any 
t im e  the ra te  o f  growth is  p ropo r t ion a l  t o  the amount o f  t i s s u e  a l ready  
presen t.
The second method uses the  r e l a t i v e  growth r a te  (RGRL Th is  r a te  
measurement is based on the theory  t h a t  growth increases e x p o n e n t ia l l y .  
By t a k i n g  t h e  e x p o n e n t ia l  l o g a r i t h m  o f  t h e  g ro w th  v a lu e  a t  any t i m e ,  
t h i s  g ives  a growth increase per u n i t  o f  t i s s u e  present r e s u l t i n g  in a 
cons tant  ra te .  The t h e o r e t i c a l  r e l a t i v e  growth r a te  curve (Fig .  8.1b) 
c l e a r l y  d e m o n s t ra te s  t h a t  t h e  RGR a t  t=1 and t=2  i s  t h e  same. In 
p r a c t i c e  t h e  g r o w t h  r a t e  o f  any o r g a n i s m  w i l l  n o t  c o n t i n u e  
e x p o n e n t ia l l y ,  but  w i l l  e v en tua l l y  dec l in e  as growth l i m i t i n g  f a c to r s  
occur.  These methods f o r  assessing growth r a te  are discussed in more 
d e ta i l  by Hunt (1978).
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Figure 8.1 TypicaI  grov/th curves
(Adapted from Wareing and P h i l l i p s  (1978))
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Growth r a t e s  were measured in  t h e  Po t  2 and Tube 2 e x p e r im e n ts .  
The g ro w th  c u rves  ( F ig s .  6 . 5 a - f ,  6.22a and 6.22b) i n d i c a t e  t h a t  in
bo th  thes e  e x p e r im e n ts  d i f f e r e n t  m y c o r r h i z a l  f u n g i  a p p a r e n t l y  
s t im u la te d  seed l ing  growth a t  d i f f e r e n t  ra te s  in a l l  s o i l s  except the  
I r o n h i l l  n u r s e ry  s o i l .  The i n o c u l a t e d  s e e d l i n g s  showed t y p i c a l  
e x p o n e n t i a l  g ro w th  in Po t  e x p e r im e n t  2,  b u t  t h i s  was le s s  e v i d e n t  in 
Tube exper iment  2, perhaps due t o  some growth l i m i t i n g  f a c to r .
Important  d i f fe re n c e s  were found between the  fungi  in the  var ious  
s o i l s .  The grov/ th  c u r v e s  can g i v e  some i n d i c a t i o n  o f  when t h e  
mycorrhizas become a c t i v e l y  b e n e f i c ia l  t o  the  seedl ing .  Th is  does no t  
necessar i ly  in d ic a te  t h a t  mycorrhizas are absent before t h i s  t im e ,  bu t  
i t  is  u s e fu l  f o r  d e t e r m i n i n g  when t h e  m y c o r r h i z a s  b eg in  t o  in c re a s e  
seed l ing grov/th ra te .  In Pot exper iment  2, f o r  example, i t  can be seen 
q u i t e  c l e a r l y  t h a t  t h e  X*. t e r r e s t r  ? s i s o l a t e s  induced a g r o w t h  
s t i m u l a t i o n  much e a r l i e r  then  t h e  • E - s t r a i n *  fungus  o r  P. i n v o l u t u s  
inocula in seedl ings growing in Crychan f o r e s t  s o i l  (Fig .  6.15a). As a 
r e s u l t  of  t h i s  e a r ly  growth enhancement the  JX t e r r e s t r i s  mycorrh izas 
were a s s o c ia te d  w i t h  a s i g n i f i c a n t l y  h i g h e r  AGR than  e i t h e r  t h e  'E -  
s t r a i n 1 fungus or the invo lu tus  mycorrhizas.  Whereas in A l d e r h o l t  
f o r e s t  so i  I ( F ig .  6.15b) t h e  t e r r e s t r  i s i so I a te s  and t h e  ' E - s t r  a i n 1 
fungus mycorrhizas began t o  increase growth r a te  a t  the  same t im e ,  and 
a lso  produced s i m i l a r  AGR values in the  seed l ings.
I t  i s  t h e r e f o r e  shown f rom  thes e  g ro w th  r a t e  a n a ly s e s  t h a t  t h e  
d i f f e r e n c e s  between m y c o r r h i z a l  f u n g i  in t h e i r  a b i I i t y  t o  i n c r e a s e
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seedl ing  growth can sometimes be re la te d  t o  the  speed w i th  which they 
begin t o  enhance growth in the i n i t i a l  stages a f t e r  in ocu la t ion .
In Tube exper iment 2 growth ra te  increases above the PVD co n t ro l  
s e e d l i n g s  were seen v e ry  soon a f t e r  p l a n t i n g  the  s e e d l i n g s  in  t h e  
inocu la ted s o i l .  Comparing these r e s u l t s  t o  those of  Pot exper iment  2 
i t  i s  t h o u g h t  l i k e l y  t h a t  mycorrh  izas  are  no t  i n v o lv e d  in  t h i s  e a r l y  
g ro w th  in c re a s e ,  because m y c o r r h i z a l  r o o t  f o r m a t i o n  can t a k e  a few 
weeks. This s o i l  is suspected o f  having contaminat ing n u t r i e n t s  f rom 
the fungal inoculum medium (see Sect ion 7.2), and these are more l i k e l y  
t o  be the cause o f  t h i s  e a r ly  growth response.
The s i g n i f i c a n t  d i f f e r e n c e s  between m y c o r r h i z a I  fu n g i  in t h e i r  
e f f e c t  on t h e  RGR o f  seeal  ings were less  pronounced than  f o r  t h e  AGR 
values. Mycorrh izal  in ocu la t ion  increased the  RGR of  seed l ings  above 
the c o n t ro ls  in some s o i l s ,  but  the on ly  s i g n i f i c a n t  d i f f e r e n c e  between 
d i f f e r e n t  mycorrh izal  fungi  was found in Ferndown f o r e s t  s o i l  in Pot 
exper iment 2 where the i s o la te s  o f  T. t e r r e s t r i s  increased seed l ing  RGR 
more s i g n i f i c a n t l y  than i s o la te  B1.
A m a jo r  p rob lem a s s o c ia te d  w i t h  t h e  methods used f o r  a n a l y s i n g  
g ro w th  r a t e s  i s  t h a t  t h e  v a r i a t i o n  between t r e a t m e n t  r e p l i c a t e s ,  
perhaps due t o  e r r a t i c  m y c o r r h i z a l  r o o t  f o r m a t i o n ,  ob s c u re s  any 
s i g n i f i c a n t  d i f fe re n c e s  between the  fungi  in t h e i r  e f f e c t s  on the  AGR 
and e s p e c ia l  l y  t h e  RGR o f  seed I ings .  I t  is  perhaps u n r e a s o n a b le  t o  
compare the RGR of  mycorrh iza l  seed l ings t o  un inocu la ted c o n t r o l s  in 
t h i s  study because the  l a t t e r  d id not e x h i b i t  exponent ia l  growth.  Thus 
the exponent ia l  log t ra n s fo rm a t io n  on these data did not always r e s u l t  
in a s t r a i g h t  l i n e ,  such t h a t  l i n e a r  r e g r e s s i o n  a n a l y s i s  gave a 
d i s t o r t e d  v a lue .
The s tudy  o f  AGR and RGR o f  m y c o r r h i z a l  seedl  ings  i s  u s e f u l  in 
theory ,  but  unless v a r i a t i o n  between seed l ing r e p l i c a t e s  can be reduced 
t h i s  method has l im i t e d  use in eva lua t ing  mycorrh iza l  fung i .
The measurement of  growth r a te  may be improved by a d e s t r u c t i v e  
sampl ing method where the dry we igh t  of  the  seed l ing  is  compared t o  the  
ex ten t  o f  mycorrh izal  r o o t  fo rm a t ion  a t  s p e c i f i c  t im e  i n t e r v a l s ,  and 
standard ized acco rd ing ly .
V a r i a t i o n  can be reduced by i n c r e a s in g  r e p l i c a t i o n ,  r e d u c in g
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environmental  va r ia b le s  or perhaps by p lan t ing  seedl ings w i th  s i m i l a r  
s ize  and mycorrh iza l  c o lo n i z a t i o n  a t  the s t a r t  o f  the exper iment.
The u t  i I  i z a t  i on o f  c Ionea  m ate r  i a I m ig h t  t h e o r e t  i caI  Iy  reduce 
v a r i a b i l i t y  in  m y c o r r h i z a l  r o o t  f o r m a t i o n  i n h e r e n t  t o  d i f f e r e n t  
seed l ing  genotypes, but the re  is evidence t h a t  c lones o f  S i tk a  spruce 
d i f f e r  in  t h e i r  a b i l i t y  t o  fo rm  m y c o r r h i z a s  ( Wa I k e r  e t  1980).
17 h i I e seed I ings  a re  s t i l  I used f o r  a f f o r e s t a t i o n  they  sh o u ld  a l s o  be 
used f o r  s e l e c t i o n  t e s t s ,  s i n c e  a m y c o r r h i z a l  fungus  chosen on t h e  
b a s is  o f  i t s  e f f e c t  on one c lo n a l  t y p e  may no t  be e f f e c t i v e  on 
g e n o t y p i c a I  I y - v a r i a b I e  s e e d l i n g s .  S u f f i c i e n t  r e p l i c a t i o n  used in  
s e l e c t i o n  t e s t s  ensu res  t h a t  t h e  genera l  e f f e c t  o f  t h e  fungus  on a 
range of  seed l ing genotypes is being tes ted .  The use o f  c lones can be 
j u s t i f i e d  on ly  where s tud ies  are made on a pure ly  p hy s io log ic a l  bas is  
or  where a p a r t i c u l a r  c lone has been se lected f o r  a f f o r e s t a t i o n .
8.2.6 Conc lusions
The r e s u l t s  f rom  t h e  b io a s s a y s  have shown t h a t  t h e  i n d i v i d u a l  
f unga l  s p e c ie s  are  by no means c o n s i s t e n t  in  t h e i r  b e h a v io u r  in  t h e  
range o f  s o i l s  used. I t  is  t h e r e fo re  imposs ib le  t o  s e le c t  one fungus 
t h a t  w i l l  be op t im a l f o r  a l l  s i t u a t i o n s ,  and t h i s  has been emphasized 
by o the r  authors (Bowen, 1965; Lai ho, 1967; Theodorou and Bowen, 1970).
Some o f  t h e  fu n g i  t e s t e d  in  t h i s  s tudy  can be e x c lu d e d  f ro m  
f u r t h e r  e x p e r i m e n t a t i o n  due t o  t h e i r  poor e f f e c t s  on p l a n t  g r o w t h .  
I s o l a t e  13, P. t  i n c t o r  i us and t h e  AI i c e  H o l t  i s o l a t e  o f  £*. geoph ? I u rn 
fo rmed no m y c o r r h i z a s ,  and i s o l a t e  B3 formed few m y c o r r h i z a s  on t h e  
S i tka  spruce seedl ings.  These fungi  t h e re fo re  have no p o te n t ia l  use in 
S i tka  spruce nurser ies .
The geoph i I urn i s o l a t e  f rom A l d e r h o l t  and i nvo I u tu s  were 
r e l a t i v e l y  poor  in  f o r m in g  m y c o r r h i z a s ,  p a r t i c u l a r l y  in  t h e  n u r s e r y  
s o i l s .  T h e i r  use in n u rs e r y  i n o c u l a t i o n  programmes f o r  r o u t i n e  
product ion  of  seedl ings could prove i n e f f i c i e n t  and uneconomic, though 
they may have uses in more spec ia l i zed  environments.
I s o l a t e  B1 produced la rg e  g ro w th  responses  in  s e e d l i n g s  in  
I r o n h i l l  nursery so i I  and compost, in d ic a t in g  t h a t  t h i s  fungus cou ld  
produce l a rg e  v ig o ro u s  s e e d l i n g s  in th e  n u r s e r y .  However,  t h i s  
mycorrh iza l  fungus induced a poor growth response in f o r e s t  s o i l s ,  and 
thus nursery seedl ings possessing mycorrhizas o f  t h i s  fungus may not 
e s ta b l i s h  we l l  in the  o u tp la n t in g  s i t e ,  desp i te  t h e i r  s ize  advantage.
The 'E - s t r a i n 1 fungus formed reasonable percentages of  mycorrh izas
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and s t im u la te d  seed l ing  growth above the un inoculated c o n t r o l s  in a l l  
t h e  s o i l s  t e s t e d ,  bu t  t h i s  g ro w th  in c re a s e  was no t  as h ig h  as w i t h  
o t h e r  f u n g i  t e s t e d ,  p a r t i c u l a r l y  in t h e  f o r e s t  s o i l s .  F u r t h e r m o r e ,  
these mycorrhizas are apparent ly  soon replaced by indigenous species in 
the o u tp la n t in g  s i t e  (M iko la ,  1965), and th e re fo re  t h i s  fungus must be 
considered unsu i tab le  f o r  nursery inocu la t ion .
A p r a c t i c a l  aim of  mycorrh izal  s tud ies  is t o  f i n d  fungi  capable of  
c o n s i s t e n t l y  s t i m u l a t i n g  p l a n t  g ro w th  ove r  as w ide  a range o f  
c o n d i t io n s  as poss ib le  (Theodorou and Bowen, 1970). The t e r r e s t r i s  
i s o l a t e s  and t h e  tw o  Lacca r  ? a s p e c ie s  were e f f i c i e n t  in f o r m in g  
m y c o r r h i z a s ,  and s t i m u l a t e d  good seed I ing g ro w th  responses  in bo th  
n u r s e r y  and f o r e s t  s o i l s .  Of t h e  12 f u n g i  o r i g i n a l l y  t e s t e d ,  th e s e  4 
i s o l a t e s  m ig h t  re a s o n a b ly  be s e l e c te d  f o r  f u r t h e r  t r i a l s  on S i t k a  
spruce.
8.3 Effects £±  mycorrhizaI luosi OR seedI ?nq nutrien t composition
The m a jo r  purpose o f  m y c o r r h i z a l  i n o c u l a t i o n  i s  t o  a c h ie v e  an 
in c re a s e  in s e e d l i n g  g r o w t h ,  and t h i s  has been d i s c u s s e d  in t h e  
p r e v io u s  s e c t i o n  (8.2).  I t  i s  o f  i n t e r e s t  t o  i n v e s t i g a t e  t h e  reasons  
f o r  t h i s  in c re a s e  in g ro w th  r a t e  by s p e c i f i c  m y c o r r h i z a l  f u n g i .  
M y c o r r h i z a l  r o o t  f o r m a t i o n  o f t e n  r e s u l t s  in an a l t e r a t i o n  o f  t h e  
n u t r i e n t  c o m p o s i t i o n  o f  s e e d l i n g s ,  due t o  changes in t h e  r a t e  o f  
n u t r i e n t  a b s o r p t i o n  f rom  i n f e r t i I e  s o i I s  (see Chap te r  2). I f  t h e  
in c re a s e  in g ro w th  r a t e  c o u ld  be r e l a t e d  t o  s p e c i f i c  changes in 
n u t r i e n t  c o m p o s i t i o n ,  then  i t  would be o f  v a lu e  t o  d e t e r m in e  w h ich  
n u t r i e n t s ,  under t h e  c o n t r o l l e d  a b s o rp t i o n  by mycorrh izas ,  cause the  
growth increase. Mycorrh iza l  fungi  could then be se lec ted on the  bas is  
o f  t h i s  c h a r a c t e r i s t i c .
The seedl ings from the  bioassays were analysed f o r  t h e i r  minera l  
s ta tu s ,  and these r e s u l t s  compared t o  t h e i r  growth increase in o rde r  t o  
eva lua te  t h i s  r e la t i o n s h ip .
In t h i s  s tu d y  o n l y  t h e  seedl  ing s h o o ts  were ana lysed  f o r  t h e i r  
m in e r a l  s t a t u s .  S e pa ra te  a n a ly s e s  o f  s hoo ts  and r o o t s  w i l l  g i ve an 
idea o f  t h e  d i s t r i b u t i o n  o f  s p e c i f i c  n u t r i e n t s  in t h e  p l a n t ,  b u t  t h e  
a n a l y s i s  o f  m y c o r r h i z a l  r o o t s  by c o n v e n t i o n a l  methods does n o t  
d i s t i n g u i s h  between n u t r i e n t s  lo c a te d  in t h e  p l a n t  and t h e  f u n g a l  
t i s s u e .  Furthermore, i t  is  imposs ib le  t o  determine whether n u t r i e n t s  
lo c a l i z e d  in the  fungal t i s s u e  are in f a c t  a v a i l a b le  f o r  p l a n t  use. A
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com pa r iso n  o f  n u t r i e n t  s t a t u s  in m y c o r r h i z a l  r o o t s ,  p a r t i c u l a r l y  
between d i f  f  e r e n t  ec to rnyco r rh  iz a I  t y p e s  wh ich  d i f f e r  in e x t e n t  o f  
fungal  t i s s u e  formed, was t h e re fo re  considered u n s a t i s fa c to r y .
The r e s u l t s  f rom th e  s hoo t  m in e ra l  a n a lyses  o f  s e e d l i n g s  w i t h  
d i f f e r e n t  m y c o r r h i z a l '  f u n g i  have been r e p r e s e n t e d  as s h o o t  
concen t ra t ions  o f  the n u t r i e n t s  (g 100g“ ^). A comparison o f  n u t r i e n t  
c o n t e n t s  ( s h o o t  n u t r i e n t  t o t a l s )  is  no t  so u s e fu l  where p l a n t s  o f  
d i f f  e r e n t  s i z e  must be compared,  s i nee t h e  s ize  o f  t h e  seed l i n g  w i l l  
a f f e c t  t o t a l  n u t r i e n t  uptake and t h e re fo re  content  (Smith,  1980).
0.3.1 .ShQQt n u t r i e n t s
The r e s u l t s  d e s c r ib e d  in S e c t i o n s  6.3.1 and 6.3.2 have shown t h a t  
an e f f e c t  o f  m y c o r r h i z a s  i s  t o  in c re a s e  phosphorus l e v e l s  in t h e  
seed I ing sh o o ts  above th o s e  o f  u n i n o c u la t e d  c o n t r o l  seedl  in gs ,  t h i s  
be ing  more e v i d e n t  in  t h e  f o r e s t  s o i l s .  There  were ,  m o re ove r ,  
s i g n i f i c a n t  d i f f e re n c e s  between the  mycorrh iza l  fungi  in t h e i r  a b i l i t y  
t o  increase phosphorus uptake, and t h i s  was again more obvious in the 
f o r e s t  s o i l s .  Su gges t io ns  f o r  t h i s  a re  d iscussed  in  a l a t e r  s e c t i o n  
(8 .4 ) .  D i f f e r e n c e s  in phosphorus up take  by s e e d l i n g s  w i t h  d i f f e r e n t  
mycorrh iza l  fungi  have been recorded p rev io us ly  ( R i t t e r  and Lyr ,  1965; 
Lamb and Richards,  1971; Ekwebelam> 1979; Thomas, 1980). In t h i s  study 
t h e  T. t e r r e s t r i s  i s o l a t e s  were p a r t i c u l a r l y  e f f e c t i v e  in inc reas ing  
shoot phosphorus concen t ra t ions  in most o f  the s o i l s ;  though the ex te n t  
o f  i n c re a s e ,  as w i t h  al I t h e  t e s t  f u n g i ,  was a f f e c t e d  by t h e  t y p e  o f  
soi  I .
In a l l  t h e  f o r e s t  s o i l s  s h o o t  p o tas s ium  c o n c e n t r a t i o n s  were 
decreased, in comparison t o  the un inocu la ted c o n t r o l s ,  in the presence 
o f  some m y c o r r h i z a l  f u n g i .  In t h e  n u r s e r y  s o i l s ,  however ,  few 
r e d u c t i o n s  in pe rcen tage  shoo t  p o ta s s iu m  were seen in  m y c o r r h i z a l  
s e e d l i n g s .  An in c re a s e  in s hoo t  po ta s s iu m  c o n c e n t r a t i o n  a f t e r  
mycorrh iza l  inocu la t ion  was never seen dur ing these exper iments.
The changes in shoot n i t rogen  leve ls  in the  presence o f  d i f f e r e n t  
m y c o r r h i z a l  f u n g i  v a r i e d  w i d e l y  w i t h  s o i l  t y p e .  M y c o r r h i z a l  f u n g i  
increased shoot n i t rogen  concen t ra t ions  in B ram sh i l l  f o r e s t  s o i l  in Pot 
e x p e r im e n t  1 and in Ferndown f o r e s t  s o i l  in  Po t  e x p e r im e n t  2. Shoot  
n i t r o g e n  c o n c e n t r a t i o n s  were decreased in m y c o r r h i z a l  s e e d l i n g s  in 
I r o n h i l l  nursery s o i l  in both exper iments and by one mycor rh iza l  type 
o n l y  in t h e  compost  in Pot e x p e r im e n t  2. Shoot  n i t r o g e n  l e v e l s  were  
n o t  a f f e c t e d  by the  p resence o f  m y c o r r h i z a l  f u n g i  in  t h e  r e m a in i n g
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s o i l s .  I t  shou ld  be s t r e s s e d  t h a t  these  changes in s h o o t  n i t r o g e n  
concen t ra t ion  were p ro p o r t io n a te ly  s m a l l e r  than  the  changes in shoo t  
phosphorus concen t ra t ion  seen in the  mycor rhizal  seed l ings.
Table 8.1 shows n u t r i e n t  concen t ra t ions  measured by o the r  au thors  
in S i t k a  spruce  s e e d l i n g s .  The a n a l y t i c a l  va lues  o b t a i n e d  by t h e  
var ious  authors c o r r e la t e  we l l  t o  the concen t ra t ion  ranges suggested by 
A ldhous (1972).  The r e s u l t s  o b t a in e d  in t h i s  s tudy  a re  t h e r e f o r e  
discussed in r e l a t i o n  t o  these ranges. Aldhous f u r t h e r  suggested t h a t  
values below these ranges can be considered as approaching d e f i c ie n c y  
l e v e l s ,  w h i l s t  h i g h e r  v a lu e s  are  p r o b a b ly  a s s o c ia te d  w i t h  s p e c i a l  
t r e a t m e n t s  in t h e  n u rs e r y .  The da ta  o f  A ldhous (1972) i s  based on 
shoot mineral  concen t ra t ions  measured in  h e a l t h y ,  v i g o r o u s  s e e d l i n g s  
grown in normal nursery c o n d i t io n s  in B r i t a i n .  I t  is  not  c l e a r  whether 
t h e  seed l i n g s  ana lysed  by A ldhous (1972) were m ycorrh  i z a l .  The re  is  
u n f o r t u n a t e l y  l i t t l e  i n f o r m a t i o n  on t h e  o p t im a l  n u t r i e n t  s t a t u s  o f  
mycorrh iza l  seedl ings.
In comparison w i th  the  optimum n u t r i e n t  ranges f o r  S i tk a  spruce 
seed l ings from t y p i c a l  f o r e s t  n u r s e r i e s ,  t h e  n on -m y c o r rh  i za I c o n t r o l  
seed I ings in the  two pot exper iments  were g en e ra l l y  p h o s p h a te -d e f i c ie n t  
(see F ig s .  6.4a and 6.9).
In Pot exper iment 1 the  mycorrh iza l  ro o t  fo rm a t ion  in BrarnshiI I 
f o r e s t  s o i l  was assoc ia ted w i th  an increase in shoot phosphorus leve l  
t o  w i t h i n  the  optimum range. Whereas in th e  I r o n h i l l  nursery s o i l  both 
t h e  m y c o r r h i z a l  and u n in o c u la t e d  c o n t r o l  s e e d l i n g s  were  w i t h i n  t h e  
optimum phosphorus range. The T. t e r r e s t r i s  and 'E -s t ra in *  mycorrh izas 
apparent ly  increased shoot phosphorus level  t o  the luxury  range in t h i s  
soi I .
In t h e  second p o t  e x p e r im e n t  a lm o s t  al I t h e  seed I ings a n a ly s e d  
were be low t h e  recommended opt im um range f o r  shoo t  phosphorus .  
M y c o r r h i z a l  r o o t  f o r m a t i o n  in a l l  t h e  s o i l s  tended t o  i n c r e a s e  t h e  
shoot phosphorus concen t ra t ion  towards the optimum range.
The I r o n h i l l  n u r s e ry  s o i l  a p p a r e n t l y  had s u f f i c i e n t  a v a i l a b l e  
potassium because the non-mycorrh  i za I c o n t r o l  seed I ings  had op t im um  
concen t ra t ions  o f  shoot potassium. The mycorrh iza l  s t a te  did no t  a l t e r  
shoot potassium concen t ra t ion  in t h i s  s o i l .  In the B ram s h i l l  f o r e s t  
s o i l  t h e  u n in o c u la t e d  c o n t r o l  s e e d l i n g s  had above op t im um  s h o o t
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potassium concen t ra t ions ,  and in the presence of  mycorrhizas seed l ings  
had potassium concen t ra t ions  w i t h in  the optimum range.
S i m i I a r  r e s u I t s  were seen i n t h e  second p o t  exper  im en t  where  in 
the f o r e s t  s o i l s  the non-mycorrh izaI  c o n t r o l s  had c o m p a r a t i v e l y  h igh  
potassium leve ls .  In the  presence of  mycorrh izas,  p a r t i c u l a r l y  o f  T. 
t e r r e s t r ? s f the shoot potassium leve ls  were lower than in the c o n t ro l  
seed l ings ,  but not below the  suggested minimum.
Though i t  c ann o t  be s t a t e d  f rom  these  r e s u l t s  t h a t  t h e  
s p e c i f i c  changes in p o ta s s iu m  l e v e l s  a re  a cause o r  e f f e c t  o f  t h e  
m y c o r r h i z a ,  i t  c o u ld  perhaps be s p e c u la te d  t h a t  t h e  m y c o r r h i z a s  a re  
r e s p o n s i b l e  f o r  r e l i e v i n g  a g ro w th  l i m i t i n g  f a c t o r ,  and as a 
consequence the potassium level  in the shoots is d i l u t e d  by t h i s  growth 
increase t o  a more optimum le ve l .
The r e s u I t s  in t h e  T i I h  i I I and I ronh  i l l  n u r s e ry  s o i l s ,  and t h e  
prepared compost f o l l o w  d i f f e r e n t  p a t t e r n s .  In T i l h i l l  n u r s e r y  s o i l  
bo th  t h e  u n in o c u la t e d  c o n t r o l  and m y c o r r h i z a l  ( ' E - s t r a i n *  fungus )  
seed l ings had shoot potassium c o n c e n t r a t i o n s  exceed ing  t h e  sugges ted  
maximum leve l .  The un inocu la ted con t ro l  seed l ings in I r o n h i l l  nursery 
s o i l  had potassium leve ls  w i t h i n  the optimum range, and (as was seen in 
t h i s  s o i l  in Pot e x p e r im e n t  1) t h e  m y c o r r h i z a l  s t a t e  d id  n o t  a l t e r  
shoot potassium leve ls  d ra m a t i c a l l y .  In the compost shoot potassium 
l e v e l s  rema ined h igh  in a l l  t h e  s e e d l i n g s  d e s p i t e  l a r g e  g r o w t h  
i ncreases.
The n i t rogen  leve ls  measured in t h i s  study were g e n e ra l l y  h igher  
than  recommended by A ldhous (1972).  The s e e d l i n g s  grown in  Crychan 
f o r e s t  and I r o n h i l l  n u r s e r y  s o i l s  were a l l  a t  t h e  upper  l e v e l  o f  
op t im um shoo t  n i t r o g e n .  S e e d l in g s  i n A l d e r h o l t  and Ferndown f o r e s t  
s o i l s  had com para t ive ly  high n i t rogen  leve ls .  The compost and T i l h i l l  
nursery s o i l  seed l ings had shoot n i t rogen  leve ls  ly ing  w i t h i n  the  low 
t o  medium range recommended by A ldhous ,  b u t  thes e  s e e d l i n g s  had a 
s l i g h t  c h l o r o t i c  appearance in d ic a t in g  poss ib le  n i t rogen  d e f i c i e n c y .
The n i t r o g e n  l e v e l s  measured were g e n e r a l l y  h i g h e r  th a n  th o s e  
d e te c te d  by o t h e r  a u th o r s  (Tab le  8 .1 ) ,  t h i s  may be a r e s u l t  o f  
d i f f e r e n t  methods of  e x t r a c t i o n  and ana lys is  used. Comparison t o  o the r  
data must, however, always be t rea ted  w i th  some cau t ion ,  p a r t i c u l a r l y  
where growth c o n d i t io n s ,  mycorrh iza l  s t a te  and even seed l ing  provenance 
may cause d i f fe re n c e s  (Aldhous, 1972).
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Table 8.2 d isp lays  r e s u l t s  of  previous s tud ies  on n u t r i e n t  s ta tus  
changes in mycorrh izal  seed l ings.  S i g n i f i c a n t  increases in phosphorus 
concen t ra t ion  are seen a lmost  u n i v e r s a l l y  throughout the examples, and 
th e s e  in c re a s e s  a re  a l s o  r e f l e c t e d  in  t h i s  s tudy .  The changes in  
po ta s s iu m  and n i t r o g e n  v a ry  c o n s id e r a b l y  between the  examples. Only 
two  cases in  T ab le  8.2 show a decrease  in po tass ium  c o n c e n t r a t i o n  in  
mycorrh iza l  seed l ings as recorded in t h i s  study, but in n e i th e r  case is 
the re  an associa ted growth increase. I t  is  o f  course u n s a t i s fa c to r y  t o  
r e l a t e  r e s u l t s  o f  any e x p e r im e n t  d i r e c t l y  t o  those  o f  a n o th e r  a u t h o r  
w i th  d i f f e r e n t  fung i ,  p la n ts ,  s o i l s  and environments;  but  the p i c t u r e  
is very c le a r  w i th  respect  t o  the  b e n e f i t s  o f  mycorrhizas in r e l a t i o n  
t o  phosphate uptake.
8.3.2 Growth and n u t r i e n t  concen t ra t ion
In o r d e r  t o  i n v e s t i g a t e  t h e  r e l a t i o n s h i p  between g r o w th  and 
n u t r i e n t  s ta tu s ,  as a f fe c ted  by the presence o f  mycorrh izas,  the shoot 
d ry  w e ig h t  o f  each s e e d l i n g  was c o r r e l a t e d  t o  i t s  c o r r e s p o n d in g  
concen t ra t ions  of  phosphorus, potassium and n i t rogen.  The r e s u l t s  were 
determined f o r  each s o i l  sepa ra te ly  t o  judge whether t h i s  v a r i a b le  had 
any in f luence  on the r e la t i o n s h ip .
The c o r r e l a t i o n s  in S e c t i o n s  6.3.1 and 6.3.2 show t h a t  in al I t h e  
f o r e s t  s o i l s  and th e  compost  t h e  c o n c e n t r a t i o n  o f  s hoo t  phosphorus  
inc reased  w i t h  s hoo t  d ry  w e ig h t  o f  t h e  s e e d l i n g s ,  b u t  p o ta s s iu m  
c o n c e n t r a t i o n s  decreased.  The changes in n i t r o g e n  c o n c e n t r a t i o n  in 
r e l a t i o n  t o  s hoo t  d ry  w e ig h t ,  however ,  v a r i e d  w i t h  th e s e  d i f f e r e n t  
s o i l s .  In h is  exper iments Ekwebelarn (1979) s i m i l a r l y  showed t h a t  p la n t  
n i t r o g e n  end po tass ium  l e v e l s  were independen t  o f  t h e  i n t e n s i t y  o f  
mycorrh iza l  i n fe c t io n ,  whereas an increase number o f  mycorrh iza l  s h o r t  
roo ts  corresponded t o  an increase in p la n t  phosphorus conce n t ra t io n .  In 
t h e  I r o n h i l l  n u r s e ry  s o i l  t h e r e  was no change in phosphorus  o r  
potassium leve ls  w i th  increase shoot dry weight,  and n i t roge n  level  was 
decreased.
A t y p i c a l  y i e l d  c u rv e  f o r  r e l a t i n g  m in e ra l  c o n c e n t r a t i o n  and 
growth is presented in Fig. 8.2. The r e la t i o n s h ip  is  i n i t i a l l y  l i n e a r  
(b -c ) ,  increas ing t o  an optimum value (c -d) ,  and t h e r e a f t e r  d e c l i n in g  
as t h e  m in e ra l  c o n c e n t r a t i o n  becomes t o x i c  ( a -e ) .  The f i r s t  p a r t  o f  
t h e  c u rv e  (a) shows t h e  S te e n b je rg  (1954) e f f e c t .  T h i s  dec rease  in 
n u t r i e n t s  w i th  increase in growth is found under c o n d i t io n s  o f  extreme 
d e f i c ie n c y ,  but is not we l l  understood (Smith,  1962).
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Figure 8.2 Typ ica l  y i e l d  curve ( f rom Smith (1962))
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MINERAL CONCENTRATION IN TISSUE
I f  t h e  r e l a t i o n s h i p  seen between p l a n t  g ro w th  and t h e  t i s s u e  
concen t ra t ion  of  a s p e c i f i c  n u t r i e n t  is  l i n e a r  and p o s i t i v e ,  then t h a t  
n u t r i e n t  is  a growth l i m i t i n g  f a c to r ,  and t h i s  can a lso  be seen where 
an increase in supply o f  t h a t  n u t r i e n t  a t  the r o o t  su r face  r e s u l t s  in a 
p o s i t i v e  l i n e a r  response (L e y to n ,  1958). In t h i s  s tu d y  an i n i t i a l  
l i n e a r  and p o s i t i v e  c o r r e la t i o n  was found between shoot dry we igh t  and 
percentage phosphorus. This n u t r i e n t  must t h e re fo re  have been a growth 
l i m i t i n g  n u t r i e n t ,  suggest ing t h a t  more s o i l  phosphorus is  a v a i l a b l e  t o  
a m ycor rh  i z a l  p I an t  than  one w i t h  no m ycorrh  izas  i n t h e  s o i  I s where 
t h i s  c o r r e la t i o n  was seen.
Biomass in c re a s e  d i l u t e s  a l l  m in e r a l s  un les s  t h e i r  i n f l u x  i s  
in c rea sed  a c c o r d i n g l y  ( S m i th ,  1962),  and t h i s  may be th e  cause o f  t h e  
dec l in e  in potassium leve ls  in the  mycorrh iza l  seed l ings.  Smith (1980) 
i n t e r p r e t e d  a decrease in n i t r o g e n  c o n c e n t r a t i o n  obse rved  in  l a r g e r  
mycorrh iza l  seedl ings as poss ib ly  due t o  a r e l i e f  of  phosphorus s t re s s ,  
l e a d i n g  t o  an i n c r e a s e  in  g r o w t h  and s u b s e q u e n t  l o w e r i n g  in  
concen t ra t ion  of  o ther  n u t r i e n ts .
I n Crychan f o r e s t  s o i I , and poss i  b I y  t h e  o t h e r  f o r e s t  s o i I s ,  t h e  
shoot phosphorus concen t ra t ion  i n i t i a l l y  increased as growth increased, 
b u t  then  d e c l i n e d  ( F ig .  6.12).  D u r in g  i n i t i a l  r a p i d  g r o w t h  t h e  
p e rc e n ta g e  o f  a s a l t  in c re a s e s  f a s t e r  than  th e  d ry  w e i g h t ,  b u t  l a t e r  
t h i s  is  r e v e rs e d  such t h a t  t h e  s a l t  pe rcen tag e  appears  t o  d e c l i n e ,
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although t o t a l  s a l t  content  s t i l l  r i s e s  ( S u t c l i f f e  and Baker, 1974).
S t r i b l e y  aX. (1980) have r e p o r t e d  an i n i t i a l  i n c re a s e  in  
p e rcen tag e  phosphorus  v / i t h  shoo t  d ry  w e ig h t  i n c re a s e  wh ich  then  
le ve l led  o f f  t o  a constant  in t h e i r  endornycorrhizal p la n ts ;  whereas the 
non-mycor rh izal  p lan ts ,  a l though having lower shoot phosphorus le ve ls ,  
showed a more usual  r a t e  o f  i n c re a s e  t o w a rd s  a maximum y i e l d .  They 
i n fe r re d  from these r e s u l t s  t h a t  phosphorus was used less e f f i c i e n t l y  
in the  mycor rhiza l  p lan ts  than in the non-mycor rh iza l  p lan ts  in te rms 
o f  p r o d u c t i o n  o f  d ry  m a t t e r  by a g i v e n  amount o f  phosphorus ,  though 
the re  is  no d i r e c t  eviGence f o r  t h i s .
Not a I I t h e  m y c o r r h i z a l  i n o c u la  in t h i s  s tudy  f o l  lowed t h e  same 
c o r r e l a t i o n  o f  shoo t  phosphorus t o  shoo t  d ry  w e ig h t .  For exam p le ,  
s e e d l i n g s  w i t h  P. i n v o l u t u s  m y c o r rh iz as  had s i m i l a r  shoot phosphorus 
c o n c e n t r a t i o n s  t o  th o s e  w i t h  X±. t e r r e s t r  i s i s o l a t e s  in  Crychen ,  
A Ide rhe  11 and I ronh i l l  s o i l s ,  and y e t  had s i g n i f i c a n t l y  s m a l l e r  d ry  
w e i g h t s .  S e e d l i n g s  w i t h  ' E - s t r a i n *  f u n g u s  m y c o r r h i z a s  had 
s i g n i f i c a n t l y  s m a l l e r  d r y  w e i g h t s  t h a n  thos e  w i t h  i s o l a t e  B1 
m y c o r r h i z a s  grown in com pos t ,  b u t  had s i g n i f i c a n t l y  g r e a t e r  s h o o t  
phosphorus c o n c e n t r a t i o n s .  In t h e  I r o n h i l l  n u r s e ry  s o i l  in  Po t  
exper iment  1 L. amethystea inoculum was associated w i th  s i g n i f i c a n t l y  
I a r g e r  g ro w th  responses  than  X«. t e r r e s t r  i s . bu t  t h i s  r e s u l t e d  in  
s i g n i f i c a n t l y  lo w e r  shoo t  phosphorus  l e v e l s .  A l th o u g h  th e s e  a re  
iso la ted  cases, t h i s  may in d ic a te  t h a t  c e r ta in  mycorrhizas can induce 
t h e  p l a n t  t o  use phosphorus more e f f i c i e n t l y  f o r  g ro w th  th a n  o t h e r s .  
Th is  quest ion can be resolved on ly  by running t im e  course exper iments  
on th e  changes in p l a n t  g ro w th  and n u t r i e n t  s t a t u s  w i t h  d i f f e r e n t  
mycorrh iza l  fung i .
8.3.3 Concl us ions
The r e s u l t s  in t h i s  s tudy  i n d i c a t e  t h a t  t h e  m y c o r r h i z a l  s t a t u s  
increases phosphorus uptake, p a r t i c u l a r l y  in low phosphorus s o i l s ,  bu t  
the re  are sm a l le r  changes in shoot potassium w i th  a s l i g h t  tendency t o  
lower the  leve ls ,  and very smal l changes in n i t rogen .  The changes in 
shoot n i t rogen  concen t ra t ion  appear t o  r e l a t e  more c lo s e ly  t o  the  s o i l  
than  t h e  m y c o r r h i z a l  t y p e ,  changes in p o tass ium  c o n c e n t r a t i o n  a re  
p o s s i b l y  an i n d i r e c t  e f f e c t  o f  t h e  m y c o r r h i z a l  s t a t e ,  bu t  changes in 
shoo t  phosphorus c o n c e n t r a t i o n  a re  a p p a r e n t l y  dependent  on t h e  
in te r a c t io n  between mycorrh iza l  fungus and s o i l .
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8.4 So i l  f a c to rs  and mycorrh iza l  e f f e c t s
I t  is welI  known t h a t  s o i l  c ond i t ion s  have a pronounced in f luence  
on t h e  m y c o r r h i z a l  a s s o c i a t i o n  (Ha tch ,  1937; S c h m id t ,  1947; S l a n k i s ,  
1974). The e f f e c t s  o f  a m y c o r r h i z a l  fungus  on p l a n t  g r o w th  can be 
a l t e r e d  in d i f f e r e n t  s o i l s  (L e v is o h n ,  1957b; Mosse, 1972; Lamb and 
Richards,  1974b; Ofosu-Asiedu, 1980; Thomas, 1980), but  the  in f lu e n c e  
o f  t h e  so i  I in t h  is  r e s p e c t  i s no t  as y e t  f  u I I y unde rs tood  (Marx  and 
Krupa,  1978).
I t  was t h e r e fo re  considered unwise t o  assess the b e n e f i t s  o f  the  
m y c o r r h i z a l  f u n g i  under t e s t  in o n l y  one s o i l .  The m y c o r r h i z a l  
i s o la te s  used in t h i s  study had been obtained from S i tka  spruce t re e s  
o f  d i f f e r e n t  p h y s i o l o g i c a l  ages g r o w in g  in d i f f e r e n t  s o i l s .  A 
s e l e c t i o n  o f  s o i l s  was tak en  f rom  f o r e s t  s tands  o f  S i t k a  sp ruce  and 
nursery s i t e s  so t h a t  a c ros s - re fe renc ing  o f  e f f e c t s  between o r i g i n a l  
i s o l a t i o n  s i t e  and performance in d i f f e r e n t  s o i l s  might  be made.
8.4.1 Assessment o f  so?I composi t ion
The e f f e c t  o f  t h e  s o i l  on t h e  m y c o r r h i z a l  p a r t n e r s h i p  has been 
shown t o  in f luence  the changes in growth and n u t r i e n t  com pos i t ion  o f  
m y c o r r h i z a l  p l a n t s  in t h i s  s tu d y .  In an a t t e m p t  t o  f i n d  reasons  f o r  
t h e s e  d i f f e r e n t i a l  e f f e c t s ,  t h e  s o i l s  used in  t h e  b io a s s a y s  were  
ana lysed  f o r  a v a i l a b l e  l e v e l s  o f  phosphorus, potassium and n i t r o g e n ,  
pH, C.E.C. and t o t a l  l e v e l s  o f  many o t h e r  m in e r a l s  (T a b le s  6.19 and 
6 .20).
A n a ly t i c a l  methods f o r  de term in ing  s o i l  n u t r i e n t  a v a i l a b i l i t y  g ive  
es t im a tes  ra th e r  than rea l  values. The a v a i l a b i l i t y  o f  an ion should 
be quoted by the method o f  e x t r a c t i o n ,  because d i f f e r e n t  e x t r a c ta n ts  
w i l l  remove ions t o  d i f f e r e n t  ex ten ts .  The a n a ly t i c a l  methods used f o r  
t h e  s i x  so i  I s in Pot exper  i ment 2 were se l  ec ted  on t h e  bas i  s o f  t h e i  r  
s u i t a b i l i t y  f o r  a l l  t y p e s  r a t h e r  than  u s ing  t h e  b e s t  e x t r a c t a n t  f o r  
each p a r t i c u l a r  s o i l  type. Consequent ly i t  was considered accep tab le  
to  compare n u t r i e n t  a v a i l a b i l i t i e s  between these s o i l s .
E s t i m a t i o n  o f  a v a i l a b l e  phosphorus in s o i l  is  perhaps  t h e  most  
i m p o r t a n t  f o r  t h i s  t y p e  o f  m y c o r r h i z a l  s tu d y .  A l th o u g h  an a c c u r a t e  
va lue of  p l a n t - a v a i l a b l e  phosphorus is  probably impossib le  t o  de term ine 
by ch e m ic a l  a n a l y s i s  a lone  ( S c h o f i e l d ,  1955),  th e  O lsen method o f  
e x t r a c t i o n  used in t h i s  s tudy  is  c o n s id e re d  t o  g i v e  a r e a s o n a b le  
e s t im a t io n  of  a v a i la b le  phosphate (Chapman and P r a t t ,  1961; Olsen and
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Dean, 1965), in c lud ing  t h a t  a v a i la b le  t o  mycorrh iza l  p lan ts  ( S t r i b l e y  
3±  i l l . ,  1980).
The r e s u l t s  from mineral  ana lys is  o f  the s i x  s o i l s  in the  second 
pot  exper iment  demonstrate the very low leve ls  of  a v a i la b le  phosphorus 
(<0.1mg 100g~^) found in f o r e s t  s o i l s  gen e ra l l y  ( P r i t c h e t t ,  1979).
The t o t a l  phosphorus measurements in t h e s e  s o i l s  a re  a l s o  
in te r e s t in g  in terms of  s tudy ing mycorrh iza l  fung i .  These leve ls  are 
h igher  in the Crychan and A ld e r h o l t  f o r e s t  s o i l s  than in the Ferndown 
f o r e s t  o r  th e  tw o  n u rs e r y  s o i l s .  Large amounts o f  phosphorus  a re  
p resum ab ly  adsorbed o n to  a lu m in iu m  and i r o n  f r a c t i o n s  in t h e  a c i d i c  
f o r e s t  s o i l s  and on the  ca lc ium f r a c t i o n  in the less a c id i c  compost and 
T i l h i l l  n u r s e r y  s o i l .  Phosphate  w i l l  a l s o  be found in t h e  o r g a n i c  
f r a c t i o n s  p r e s e n t  in t h e  f o r e s t  s o i I s  and compost .  I r o n h i  I I  n u r s e r y  
s o i l  had much lo w e r  I e v e l s  o f  t o t a  I phosphorus than  t h e  o t h e r  s o i I s ,  
and t h i s  may be re la te d  t o  the lower le ve ls  o f  t o t a l  i ron and alumin ium 
and organ ic  mat te r  associated w i th  t h i s  s o i l .
Much higher  leve ls  of  ammoniurn-ni trogen were found in the  f o r e s t  
s o i l s  in comparison t o  the nursery s o i l s  o f  Pot exper iment  2. Th is  may 
be an i n d i r e c t  r e s u l t  o f  t h e  pH o f  t h e s e  s o i l s ,  s in c e  t h e  r a t e  o f  
n i t r i f i c a t i o n  of  ammonium t o  n i t r a t e  is  s lower  in more ac id  s o i l s  such 
as t h e  f o r e s t  s o i l s  t e s t e d  he re ,  whereas a r a b le  s o i l s  in  t e m p e r a te  
r e g io n s  have low,  f a i r l y  c o n s t a n t  l e v e l s  o f  a m m o n iu m -n i t r o g e n  b u t  
v a r ia b le ,  r e l a t i v e l y  high leve ls  o f  n ' i t r a t e  (Russe l l ,  1973).
A v a i la b le  potassium is apparen t ly  p l e n t i f u l  in most f o r e s t  s o i l s  
( P r i t c h e t t ,  1979), and t h i s  is demonstrated in the  f o r e s t  soi  Is analysed 
which had higher a v a i la b le  potassium leve ls  than the nursery s o i l s  o f  
the second pot exper iment.
The ana lyses  o f  t h e  tw o  s o i l s  used in  t h e  f i r s t  p o t  expe r  i ment  
were done by an A.D.A.S. labora to ry  using d i f f e r e n t  e x t r a c t i o n  methods, 
and th e r e fo re  cannot be d i r e c t l y  re la te d  t o  those analyses dohe by the
author f o r  the s o i l s  in the second pot experiment.  The pH and level  of
a v a i l a b l e  phosphorus and p o ta s s iu m  in I r o n h i l l  n u r s e r y  s o i l  is
no t ic e ab ly  d i f f e r e n t  in the two sets  of  analyses, al though i t  should be
added t h a t  the s o i l s  analysed by the author were tes ted  a f t e r  t r e a tm e n t  
w i th  aazomet and those analysed by A.D.A.S. were not. Another problem 
w i th  i n t e r p r e t a t i o n  a r ises  because phosphorus, potassium and magnesium 
were ex t rac ted  from each s o i l  by d i f f e r e n t  methods. These ions were 
ex t rac ted  from B ram sh i l l  f o r e s t  s o i l  w i th  water,  presumably t o  avoid
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d i s c o l o r a t i o n  p rob lem s  wh ich  occu r  w i t h  o r g a n i c  s o i l s  by o t h e r  
e x t r a c t i o n  methods. These values are t h e re fo re  expected t o  be h igher  
in real  terms.
8.4.2 So? I f a c to rs  and mycorrh iza l  rpQ.t  f o g gat.Lon
The fo rm a t ion  o f  mycorrhizas in s o i l  is  dependent on the a v a i l a b le  
l e v e l s  o f  n u t r i e n t s  (Ha tch ,  1937). McComb and G r i f f i t h  (1946) 
dem on s t ra te d  an in c re a s e  in numbers o f  m y c o r r h i z a l  s h o r t  r o o t s  when 
phosphorus was added t o  a Douglas  f i r  n u r s e r y ,  b u t  a r e d u c t i o n  when 
n i t r o g e n  was a l s o  added. He i lman and Ekuan (1980b) in c re a s e d  
m y c o r r h i z a l  r o o t  f o r m a t i o n  w i t h  a d d i t i o n  o f  phosphate  t o  s o i l s ,  
a l though t h i s  va r ied  w i th  s o i l  type and hor izon. James e t  .al.,  (1978) 
added phosphate t o  phosphorus-starved s o i l  which decreased the  number 
of  beaded roo ts ,  t y p i c a l  of  very low n u t r i e n t  s o i l ,  and increased the 
number o f  mycorrh iza l  roots.  Whereas in s o i l  w i th  moderate phosphorus 
leve ls ,  phosphate a d d i t io n s  decreased m y c o r r h i z a s  and in c re a s e d  non-  
m y c o r r h i z a l  r o o t s .  M y c o r r h i z a l  r o o t  f o r m a t i o n  and subsequen t  p I a n t  
g ro w th  response  a re  found t o  be most s u c c e s s f u l  a t  i n t e r m e d i a t e  
f e r t i l i z a t i o n  l e v e l s  (Hatch ,  1936; M i t c h e l l  e t  a_L., 1 937; B jo rk m a n ,  
1 942; L i s t e r  M . ,  1968).
Mycorrh iza l  fungi  can d i f f e r  in t h e i r  requi rements  f o r  mycor rh iza l  
f o r m a t i o n  and g r o w t h  s t i m u l a t i o n .  Lamb and R i c h a r d s  (1 9 7 4 a )  
dem on s t ra te d  d i f f e r e n c e s  between f u n g i  in t h e i r  a b i l i t y  t o  fo rm  
mycorrh izas in two d i f f e r e n t  s o i l s .  Ce r ta in  fung i  are p os s ib ly  more 
a b le  t o  u t i l i z e  phosphorus f rom o r g a n i c  than  f rom m in e r a l  s o u rc e s  
( M e j s t r i k  and Krause, 1973). Mycorrh iza l  types on f i r  r o o t  systems in 
m in e r a l  soi  Is  a re  d i f f e r  en t  t o  t h o s e  i n o rgan  i c soi  I ( AI va rez  a I .. 
1979), and t h i s  may be a r e s u l t  o f  t h e i r  d i f f e r e n t  a b i l i t i e s  t o  u t i l i z e  
o r g a n i c  phosphates .  I t  i s  I i k e l y  t h a t  t h e  n u r s e r y  i s o l a t e s  B1 and B3 
tes ted  in t h i s  study formed r e l a t i v e l y  smal l numbers o f  mycorrh izas in 
f o r e s t  s o i I s  due t o  t h e  i n f l u e n c e  o f  c e r t a i n  so i  I f a c t o r s ,  ' p o s s i b l y  
r e la te d  t o  t h e i r  poor adapta t ion t o  the low phosphate a v a i l a b i l i t y  in 
t h e s e  soi I s.
Endomycorrhizal  fungi  from n a t u r a l l y  high phosphate s o i l s  are more 
t o l e r a n t  t o  high le ve ls  o f  added phosphate ( S t r i b l e y  jg± jaJ.., 1980). In 
t h i s  study on ly  Iaccata and the fE - s t r a i n f fungus from nursery s i t e s  
were a b le  t o  fo rm  m y c o r r h i z a s  in the. ,  f e r t i  I ized n u r s e r y  s o i l .  
Presumably o ther  fungi  tes ted  were not adapted t o  such high n u t r i e n t  
a v a i l a b i l i t y .  The f a c t  t h a t  the  m a jo r i t y  o f  fung i  tes ted  in t h i s  s o i l
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d id  no t  fo rm  m y c o r rh i z a s  sugges ts  t h a t  t h e  r a t e  and ba lance  o f  
f e r t i l i z e r s  used in n u r s e r i e s  must be c r i t i c a l l y  assessed b e f o r e  
m y c o r r h i z a l  i n o c u l a t i o n  can be r a t i o n a l l y  i n t e g r a t e d  i n t o  n u r s e r y  
p ra c t i c e .
The reasons  f o r  t h e  gene ra l  la ck  o f  m y c o r r h i z a l  f o r m a t i o n  in  
T i l h i l l  n u r s e r y s o i l  is  no t  cI  ear .  In compar ison t o  t h e  o t h e r  s o i I s ,  
p a r t i c u l a r l y  the f o r e s t  s o i l s ,  i t  would seem t o  conta in  adequate le ve ls  
o f  a v a i l a b l e  phosphate  f o r  m y c o r r h i z a l  r o o t  f o r m a t i o n .  The n u r s e r y  
f rom wh ich  t h i s  s o i l  was ta k e n  has in d ig enous  I a cca ta  and T. 
t e r r e s t r  i s (G.W. Thomas, pers .  comm.), t h e r e f o r e  one would  e x p e c t  t h e  
T. t e r r e s t r i s  is o la te s  t o  form mycorrhizas in t h i s  s o i l .  Ana lys is  of  
t o t a l  elements in the s o i l  showed i t  t o  have h igher  leve ls  of  ca lc ium ,  
selenium, t i n ,  cadmium and poss ib ly  magnesium than in o ther  s o i l s .  In 
the l i g h t  o f  r e s u l t s  showing s t r a i n  d i f f e re n c e s  between i .  t e r r e s t r ?s 
i s o l a t e s  f rom d i f f e r e n t  s i t e s ,  i t  is  p o s s i b l e  t h a t  t h e  in d ig e n o u s  
mycor rh  i z a l  f u n g i  o f  t h e  T i l h i l l  s i  t e  have adapted t o  h ig h  l e v e l s  o f  
these elements.
Potassium, magnesium and ca lc ium are a n ta g o n is t i c  t o  one another 
in ion uptake ( Ingestad, 1959). T i l h i l l  s o i l  contained high le v e ls  o f  
ca lc ium and poss ib ly  magnesium, but the seedl ings grown in t h i s  s o i l  
had h i g h e r  po ta s s iu m  l e v e l s  than  in any o t h e r  s o i l .  T h e r e f o r e ,  
potassium uptake was not i n h ib i t e d  by these o ther  ions. The arsenate 
ion is a c o m p e t i t i v e  i n h i b i t o r  of  phosphate uptake (Smith,  1962; Beever 
and Burns ,  1980),  bu t  t h e  le v e l  o f  a r s e n i c  in t h i s  s o i l  was n o t  
no t ice ab ly  h igher  than in the o the r  s o i l s .  High copper le ve ls  p reven t  
es tab l ishm en t  of  ec tomycorrhizas (H a r r i s  and Jurgensen, 1977), but  t h i s  
e le m e n t  was no t  p r e s e n t  in a p p a r e n t l y  e x c e s s i v e  amounts in  T i l h i l l  
soi I .
P e rh a p s  t h e  m o s t  r e a s o n a b l e  e x p l a n a t i o n  f o r  t h e  l a c k  o f  
m y c o r r h i z a l  f o r m a t i o n  in T i l h i l l  n u r s e r y  s o i l  i s  t h e  low le v e l  o f  
a m m o n iu m -n i t ro g e n  p re s e n t .  The n i t r a t e - n i t r o g e n  l e v e l s ‘ were  n o t  
determined in  anyof the s o i l s  as t h i s  form of  n i t rogen  is presumed t o  be 
less impor tan t  in uptake r e l a t i o n s  f o r  the  m a jo r i t y  of  ec tom ycor rh iza l  
fung i  (see Sect ion 2.6). I t  is poss ib le  t h a t  n i t r a t e  leve ls  in T i l h i l l  
nursery s o i l  were s u f f i c i e n t  t o  suppor t  some p la n t  growth,  and t h a t  the  
' E - s t r a i n *  fungus ( t h e  o n l y  fungus  t o  fo rm  m y c o r r h i z a s  in  t h i s  s o i  I) 
was able e i t h e r  t o  form mycorrh izas a t  low leve ls  of  ammonium-nit rogen 
or  t o  u t i l i z e  n i t r a t e - n i t r o g e n  t o  a g rea te r  ex ten t  than the  o th e r  fung i  
tes ted .  Al though P* in vo lu tus  can u t i l i z e  both n i t r a t e  and amrnonium-
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n i t rogen  (Laiho, 1970), t h i s  fungus did not form mycorrhizas in T i l h i l l
s o i l .  Th is  is perhaps because t h i s  fungus a lso has a high requ i remen t
fo r  n i t rogen  (Laiho, 1970).
The in f luence  o f  the o rgan ic  content  of  s o i l  on the mycorrh iza has 
been mentioned p rev ious ly .  The fo rmat ion  and func t ion  o f  mycorrh izas  
can vary w i th  the  type o f  o rgan ic  mat te r  present (Mel in, 1927; Fassi £ t  
M . ,  1972).
The poor  m y c o r r h i z a l  r o o t  f o r m a t i o n  by I* ,  t e r r e s t r  i s in t h e
compost  may p o s s i b l y  be r e l a t e d  t o  t h e  fo rm o f  pe a t  added t o  th e
m i x t u r e ,  o r  even t o  t h e  p resence  o f  g ro w th  i n h i b i t o r s  fo rmed in t h e  
peat dur ing  the s t e r i l i z i n g  process (Har ley,  1978) t o  which o the r  fung i  
were less suscep t ib le .
A d e f ic ie n c y  of  v i t a m in s  requ i red  by mycorrh izal  fungi  is  another 
p o s s i b i l i t y  f o r  lack  o f  m y c o r r h i z a l  f o r m a t i o n  (Mel i n ,  1 953). T h i s  
c o u ld  be accounted f o r  by low l e v e l s  o f  o r g a n i c  m a t t e r  and reduced
m ic rob ia l  a c t i v i t y  , and may be another reason f o r  the poor mycor rh iza l
r o o t  fo rm a t ion  in the  T i l h i l l  nursery s o i l .
8.4.3 Soi I f a c to rs  seed I inq n u t r i e n t  composi t ion
So i l  ana lys is  alone is  not s u f f i c i e n t  t o  q u a n t i f y  the  a v a i l a b i l i t y
o f  n u t r i e n t s  t o  p l a n t s ,  and t h e r e f o r e  shou ld  be used in c o n j u n c t i o n  
w i th  r e s u l t s  from p la n t  t i s s u e  ana lys is ,  p a r t i c u l a r l y  as p la n t  spec ies 
can d i f f e r  in i n t r i n s i c  a b i l i t y  t o  take up n u t r i e n t s  (Smith,  1962).
The r e s u l t s  f rom the two pot exper iments are discussed in te rms of  
minera l  le ve ls  in seedl ings g e n e ra l l y  as compared t o  the a v a i l a b i l i t y  
o f  each o f  t h e s e  m in e r a l s  in  t h e  d i f f e r e n t  s o i I s .  I n t e r p r e t a t i o n  o f  
r e s u l t s  on t h i s  basis is  more r e a d i l y  made in the  second pot  exper iment  
where t h e  e x t r a c t i o n  and assay methods used f o r  a n a l y s i n g  t h e  so i  Is  
were designed t o  be comparat ive.
In Po t  e x p e r im e n t  2 t h e  s hoo t  phosphorus c o n c e n t r a t i o n  o f  
un inocu la ted con t ro l  seed l ings was a t  d e f i c ie n c y  level  when they  were 
grown in  t h e  t h r e e  f o r e s t  soi  Is.  T h is  r e f l e c t s  t h e  v e ry  low l e v e l  o f  
a v a i la b le  phosphorus in these s o i l s .  Conversely,  in I r o n h i l l  nursery  
s o i l  and compost, which both had h igher le ve ls  o f  a v a i la b le  phosphorus, 
h i g h e r  s h o o t  p h o s p h o r u s  c o n c e n t r a t i o n s  w e re  r e c o r d e d  in  t h e  
u n in o c u la t e d  c o n t r o l  s e e d l i n g s .  Thus i t  can be conc luded  t h a t  t h e  
f o r e s t  s o i l s  were more d e f i c i e n t  in a v a i I a b I e  phosphorus th a n  t h e
n u r s e r y  s o i l s .  The in c re a s e  in s hoo t  phosphorus  c o n c e n t r a t i o n  in  
mycorrh iza l  p lan ts  was p ro p o r t io n a te !y  lower in Ferndown f o r e s t  s o i l  
than in the o ther  two f o r e s t  s o i l s .  Th is  is  probably because Ferndown 
s o i l  had much lower leve ls  of  both O lsen -ava i la b le  and t o t a l  phosphorus 
than these o ther  s o i l s .
The r e l a t i v e l y  low l e v e l s  o f  t o t a l  and a v a i l a b l e  po ta s s iu m  in 
I ron h i l l  n u r s e r y  s o i l  a re  a p o s s i b l e  reason f o r  th e  lo w e r  s hoo t  
potassium leve ls  in seedl ings grown in t h i s  s o i l  as compared t o  those 
grown in  o t h e r  s o i l s .  The s e e d l i n g s  in T i l h i l l  n u r s e ry  s o i l  had 
s i g n i f i c a n t l y  h igher  shoot potassium leve ls  than those in o ther  s o i l s , ,  
b u t  t h e  reasons  f o r  t h i s  a re  n o t  c l e a r ,  s in c e  t h i s  so i  I was shown t o  
have much lo w e r  l e v e l s  o f  a v a i l a b l e  po ta s s iu m  than  f o r  example t h e  
f o r e s t  s o i l s .  In t h i s  s o i l  the  high shoot potassium leve ls  are perhaps 
r e la te d  more t o  an imbalance of  o ther  m inera ls  a f f e c t i n g  growth than t o  
the a v a i l a b i l i t y  of  potassium d i r e c t l y .
Shoot n i t rogen  leve ls  were g e n e ra l l y  higher in seed l ings grown in 
t h e  f o r e s t  s o i I s .  T h i s  r e f l e c t s  t o  some e x t e n t  t h e  p r o p o r t i o n a t e l y  
h i g h e r  l e v e l s  o f  a v a i l a b l e  a m m o n iu m -n i t ro g e n  in t h e  f o r e s t  s o i I s  as 
compared t o  the nursery s o i l s .  Seedl ings f rom T i l h i l l  nursery s o i l  and 
compost had no t ice ab ly  pa le r  green needles than those from o the r  s o i l s .  
The c h l o r o t i c  appearance may be due t o  n i t r o g e n  d e f i c i e n c y  because 
t h e s e  seedl  ings had lo w er  shoo t  n i t r o g e n  l e v e l s  than  th o s e  in  o t h e r  
s o i l s .  This d e f i c ie n c y  may be a r e s u l t  of  the low ammonium le ve ls  in 
these two s o i l s .  I n t e r p r e t a t i o n  o f  n i t rogen  uptake r e l a t i o n s  cannot be 
made accu ra te ly  u n t i l  the importance o f  n i t r a t e  ions in the mycorrh iza l  
r e la t i o n s h ip  is  resolved.  I t  is  t h e r e fo re  suggested t h a t  ana ly s is  o f  
a v a i l a b le  n i t r a t e  in these s o i l s  may have given some useful  a d d i t i o n a l  
in fo rm a t ion  in t h i s  respect.
The r e s u l t s  f rom th e  f i r s t  p o t  e x p e r im e n t  a re  less  easy t o  
i n t e r p r e t ,  main ly  because d i f f e r e n t  e x t r a c t i o n  methods were used f o r  
the two s o i l s .
The shoo t  phosphorus c o n c e n t r a t i o n s  were g e n e r a l l y  h i g h e r  in 
I r o n h i l l  nursery s o i l  than in B ram sh i l l  f o r e s t  s o i l ,  and t h i s  is  a lso  
ev iden t  in the uninocu la ted c o n t ro ls .  Al though the level  of  a v a i l a b le  
phosphorus is  expec ted  t o  be h i g h e r  in  t h e  f o r e s t  s o i l  due t o  t h e  
na ture  o f  the e x t ra c ta n t  used, the h igher  dens i t y  of  the nursery s o i l  
s hou ld  a l s o  be tak en  i n t o  c o n s i d e r a t i o n .  Thus t h e  s o i l  a n a l y s i s  
ind ica tes  t h a t  I r o n h i l l  nursery s o i l  has more a v a i la b le  phosphorus than
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Bram sh i l l  f o re s t  s o i l .  I t  is  i n t e r e s t i n g  t o  note t h a t  the f o r e s t  s o i l  
in t h i s  exper iment  has a much h igher  level  of  a v a i la b le  phosphorus than 
t h e  f o r e s t  s o i l s  in t h e  second p o t  e x p e r im e n t .  T h is  h i g h e r  l e v e l  is  
associated w i th  h igher  concen t ra t ions  of  shoot phosphorus in B ram sh i l l  
f o r e s t  s o i l  than in the  f o r e s t  s o i l s  of  the  second exper iment.
The s hoo t  p o ta s s iu m  l e v e l s  were n o t  found t o  be v e ry  d i f f e r e n t  
between I r o n h i l l  n u r s e r y  and B r a m s h i l l  f o r e s t  s o i l s .  The le v e l  o f  
a v a i l a b le  potassium in B ram sh i l l  f o r e s t  s o i l  is  apparen t ly  much lower 
than  t h a t  found in t h e  f o r e s t  so i  Is  o f  t h e  second p o t  e x p e r im e n t ,  and 
is nearer t o  the a v a i l a b le  le ve ls  in the I r o n h i l l  nursery s o i l  in both 
e x p e r im e n ts .  Indeed t h e  s h o o t  potass ium concen t ra t ions  in B ram sh i l l  
f o r e s t  so i  I a re  lo w er  than  th o s e  found in t h e  o t h e r  f o r e s t  s o i  I s ,  b u t  
s i m i l a r  t o  those in the I r o n h i l l  nursery s o i l  in both exper iments.  The 
h igher  potassium concen t ra t ion  in the un inocu la ted seed l ing  shoots in 
t h e  f o r e s t  s o i l  may be a r e s u l t  o f  t h e  poor  g ro w th  in  t h e s e  p l a n t s  
r a th e r  than the potassium a v a i l a b i l i t y  in the s o i l .
Shoot  n i t r o g e n  c o n c e n t r a t i o n s ,  I i ke  t h a t  o f  p o ta s s iu m ,  d id  n o t  
change s i g n i f i c a n t l y  w i t h  s o i l  t y p e .  U n f o r t u n a t e l y ,  t h e  le v e l  o f  
ammonium-n i  t r o g e n  was no t  measured in  t h e  I ronh  i I  I n u r s e r y  s o i l  and 
t h e r e f o r e  th e  r e l a t i o n  between s o i l  n i t r o g e n  and p l a n t  n i t r o g e n  is  
d i f f i c u l t  t o  d e te r m in e .  The n i t r a t e  l e v e l s  a re  much lo w e r  th a n  t h e  
ammonium leve ls  in the B ram sh i l l  f o r e s t  s o i l  as might  be expected in an 
a c id  f o r e s t  s o i l .  The low pH o f  t h e  I r o n h i l l  n u r s e r y  s o i l  s u g g e s ts  
t h a t  n i t r a t e  is  a t  a lower level  than ammonium in t h i s  s o i l  also.  The 
level  o f  ammonium measured in I r o n h i l l  nursery s o i l  in the  second pot  
exper iment c e r t a i n l y  supports t h i s  suggest ion.
8.4.4 Mycorrh iza l  e f f e c t s  I n  r e l a t i o n  ± q c u r re n t  concepts
A t  t h i s  s ta g e  i t  i s  o f  i n t e r e s t  t o  d i s c u s s  t h e  e f f e c t s  o f  
m y c o r r h i z a l  fu n g i  and s o i l s  on p l a n t  g ro w th  and n u t r i e n t  s t a t u s  in  
r e l a t i o n  t o  proposed th e o r ie s  on the modes of  n u t r i e n t  uptake by these 
spec i a l i z e d  f u n g i  (see Chap te r  2).  In Sec t  i on 8.3 i t  was cone Iuded 
t h a t  the  mycorrhizas had a more s i g n i f i c a n t  e f f e c t  on the conce n t ra t io n  
o f  phosphorus than  o f  o t h e r  n u t r i e n t s ,  and t h i s  i s  r e f l e c t e d  in  t h e  
l i t e r a t u r e  (see Table 8.2). Therefore,  in t h i s  sec t ion  more emphasis 
is placed on the uptake of  phosphorus than o f  o the r  n u t r i e n ts .
The most  w i d e l y  accep ted  t h e o r y  f o r  enhanced n u t r i e n t  u p ta k e  by 
mycorrh izas  is t h a t  they improve the u t i l i z a t i o n  o f  s o i l  by v i r t u e  o f
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an increase in sur face area a v a i l a b le  f o r  n u t r i e n t  absorp t ion ,  and by 
extending beyond the  r o o t  dep le t ion  zone.
In Pot exper iment  1 t o t a l  dry we ights of  seed l ings were increased 
t o  a g r e a t e r  e x t e n t  by L .  t e r r e s t r  ? s than  by L. l a c c a t a . even though 
they  fo rmed s i m i l a r  p e rc e n ta g e s  o f  mycorrhizas.  Al though both types 
have hyphae r a d ia t i n g  f rom the sheath sur face of  the mycorrh iza,  the  T. 
t e r r e s t r ?s mycorrhizas have in a d d i t i o n  mycel ia l  cords o f  in de te rm ina te  
length (Thomas and Jackson, 1979). In accordance w i th  the conc lus ions  
of  Skinner and Bowen (1974a), the t e r r e s t r i s  mycorrhizas should thus  
be more e f f e c t i v e  than those o f  Iaccata by v i r t u e  of t h i s  a d d i t i o n a l  
s u r fa c e  area.
The i s o la t e  B1 formed s i m i l a r  percentages o f  mycorrhizas in both 
I r o n h i l l  nursery and B ram sh i l l  f o r e s t  s o i l  in Pot exper iment  1, bu t  i t s  
e f f e c t  on seedl ing  growth was much g rea te r  in the  nursery s o i l  than in 
the f o r e s t  s o i l .  S im i l a r  d i f f e re n c e s  were found between the  f o r e s t  and 
nursery type s o i l s  w i th  t h i s  fungus in the second po t  exper iment.  The 
r e l a t i v e  i n e f f e c t i v e n e s s  o f  i s o l a t e  B1 in  t h e  f o r e s t  s o i l s  is  
p resum ab ly  due t o  t h e  s m a l l e r  amounts o f  phosphorus  a v a i l a b l e  f o r  
absorp t ion  in these s o i l s  in comparison t o  the  nursery s o i l s .  However, 
in terms of  the increase in sur face area theory i t  is  s u r p r i s i n g  t h a t  
in t h e  f i r s t  p o t  e x p e r im e n t  i s o l a t e  B1 m y c o r r h i z a s ,  w i t h  l a r g e  
a g g r e g a t i o n s  o f  e x t e r n a l  hyphae, shou ld  be le s s  e f f e c t i v e  th a n  L. 
I a c c a ta  m y c o r r h i z a s  in t h e  f o r e s t  s o i l .  R i t t e r  and L y r  (1965) 
demonstrated t h a t  two mycorrh iza l  types w i th  s i m i l a r  sur face areas were 
n o t  s i m i I a r I y  e f f e c t i v e  in  a b s o rb in g  s o i l  n u t r i e n t s .  C l e a r l y  t h e  
p o sse ss ion  o f  l a rg e  q u a n t i t i e s  o f  e x t r e m a t r i c a I  mycel ium is  n o t  a 
u n i v e r s a l  c o n d i t i o n  f o r  i n c r e a s in g  g ro w th  in n a t u r a l  s o i l s .  The 
im p l i c a t io n s  o f  t h i s  are discussed la te r .
Another theory  fo r  the increase in phosphate uptake by mycorrh izas 
f rom s o i l s  w i t h  low l e v e l s  o f  s o l u b l e  phosphate  c onc e rn s  t h e i r  
possession of  hydro lyz ing  enzymes. The importance of  ac id  phosphatases 
has been d e s c r ib e d  e a r l i e r  (2 .5 .3 ) .  The b e h a v io u r  o f  d i f f e r e n t  
mycorrh iza l  fungi  in the  var ious  s o i l s  used might  thus be exp la ined  in 
t e rm s  o f  th e  p resence o r  absence o f  enzymes on th e  fu n g a l  hyphae 
s p e c i f i c  f o r  less so lub le  organ ic  phosphate sources, such as m igh t  be 
found in  t h e  f o r e s t  soi  Is .  The soi  I a n a l y s i s  de m o n s t ra te d  t h a t  t h e  
f o r e s t  s o i l s  had much h igher  leve ls  o f  t o t a l  phosphorus than the  o th e r  
s o i l s .  I t  would  t h e r e f o r e  be a g r e a t  advantage t o  t h e  m y c o r r h i z a l
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p lan ts  i f  they could u t i l i z e  these sources.
There  is  as y e t  no d i r e c t  ev idence  f o r  t h i s  t h e o r y .  The r a d i o ­
labe l  l i n g  s t u d i e s  by v a r i o u s  a u th o rs  have n o t  dem on s t ra te d  w h e th e r  
mycorrh iza l  fungi  can u t i l i z e  o t h e r  sou rces  b es ides  l a b i l e  ( s o l u b l e )  
phosphate  (2 .5 .3) .  These s t u d i e s  a re  based on t h e  p re m is e  t h a t  a 
mycorrh iza l  p la n t  grown in s o i l  w i th  label led l a b i l e  phosphate w i l l  
take  up p ro p o r t io n a te !y  less ^^P- labe l  than a non-mycor rh izal  p l a n t  i f  
i t  ob ta ins  phosphate from o the r  sources. Resul ts  from these s tu d ie s  
have in f a c t  shown t h a t  mycorrh iza l  seed l ings take up p r o p o r t i o n a te l y  
more I ab i I e ^^P-phosphate than  non -m yco r rh  i za I s e e d l i n g s .  A l th o u g h  
t h i s  can be i n t e r p r e t e d  as a more e f f i c i e n t  u t i l i z a t i o n  o f  l a b i l e  
p h o s p h a t e  by t h e  m y c o r r h i z a l  p l a n t s ,  i t  does n o t  e x c l u d e  t h e  
poss i b i I i t y  t h a t  thes e  l a b i l e  sou rces  a re  exp Io i ted  u n t i l  d e p Ie te d  
p r i o r  t o  u t i l  i z a t i o n  o f  le s s  a v a i l a b l e  sou rces  (Thomas 3± . t 1982).  
C le a r ly  the methodology used in these 3^ P - Ia b e l I i n g  exper iments  must be 
improved before conc lus ive  ev idence  can be o b t a in e d .  Perhaps d i r e c t  
l a b e l l i n g  o f  organ ic  phosphate sources might  be more e n l ig h te n in g  in 
t h i s  r e s p e c t .
V a r i o u s  a u t h o r s  have d e m o n s t r a t e d  t h e  p r e s e n c e  o f  a c i d  
phosphatases on mycorrh iza l  fung i  (Theodorou, 1971; B a r t l e t t  and Lewis ,  
1973; W i l l iamson  and Alexander,  1975; Cal le ja  q±  g± ., 1980), and th e re  
is  evidence t h a t  the a c t i v i t y  of  these phosphatases can be r e la t e d  t o  
an a d a p t a t i o n  o f  t h e  m y c o r r h i z a l  fu n g i  t o  t h e i r  n a t u r a l  e n v i r o n m e n t  
(Alexander and Hardy, 1981), poss ib ly  by v i r t u e  of  d i f f e r e n t  isoenzyme 
complements (Ho and Zak, 1979). For example, in t h i s  study the  nursery 
i s o l a t e s  B1 and B3, adapted t o  f e r t i l e  n u r s e r y  c o n d i t i o n s ,  may n o t  
possess t h e  s p e c i f i c  h y d r o l y z i n g  enzymes r e q u i r e d  f o r  o b t a i n i n g  
phosphorus from organ ic  sources in the f o r e s t  s o i l s  w i th  low le v e ls  of  
so lub  le phosphate.
s
The n u t r i e n t  up take  r a t e  o f  r o o t s  v a r i e s  w i t h  t h e  n u t r i e n t  
c o n c e n t r a t i o n  a t  th e  s o i l - r o o t  i n t e r f a c e ,  t h e  up take  r a t e  ( f l u x )  and 
the p la n t  growth r a te  or  demand (Nye and T inker ,  1977). The uptake of  
n u t r i e n t s  f rom s o i l  i n i t i a l l y  depends on s u f f i c i e n t  energy t o  t r a n s f e r  
t h e  n u t r i e n t  i n t o  t h e  r o o t  a g a in s t  an e l e c t r o c h e m i c a l  p o t e n t i a l  
g r a d i e n t .  P l a n t  s p e c ie s  can d i f f e r  in t h e i r  n u t r i e n t  up ta k e  r a t e s  
(Russel l  £± M . ,  1958). P la n t  p h y s io lo g is t s  cons ider  t h a t  the s im p le s t
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hypothes is f o r  d i f f e r e n t  uptake ra tes  by d i f f e r e n t  p la n t  species w i th  
s i m i I a r  r o o t  sys tems is  t h a t  t h e  i r  phys i o Iog  i caI  e f f  i c i ency d i f f e r s  
(Nye, 1968).
T h i s  c o n s i d e r a t i o n  has been a p p l i e d  t o  t h e  d i f f e r e n c e s  seen 
between mycorrh iza l  species in t h e i r  uptake e f f i c i e n c y .  In exper iments 
on phosphate uptake k i n e t i c s  ec tomycorrh iza l  sho r t  roo ts  w i th  d i f f e r e n t  
f unga l  s p e c ie s  a re  shown t o  have d i f f e r e n t  r a t e s  o f  up take  (Bowen, 
1962; Bowen and Theodorou, 1967).
In a r e c e n t  paper Cress ^ t  a l .  (1979) have dem on s t ra te d  t h a t  a t  
low leve ls  of  so lub le  phosphate (<20jjmol KH2PO4) endomycorrh iza l  r oo ts  
o f  t o m a to  ta k e  up more phosphate  than  non -m yco r rh  iza I  r o o t s  due t o  a 
h i g h e r  a f f i n i t y  ( l o w e r  Km) f o r  phosphate  a t  t h e i r  a b s o r p t i o n  s i t e s .  
Whereas a t  h igher  phosphate leve ls  (>30pmol KH2PO4) phosphate uptake is
in c rea sed  in m y c o r r h i z a l  r o o t s  by v i r t u e  o f  a g r e a t e r  number o f
a b s o rb in g  s i t e s  ( h ig h e r  Vrnax), and t o  a le s s e r  e x t e n t  a h igh  a f f i n i t y  
f o r  phosphate.
I t  i s  i n t e r e s t i n g  t o  a p p ly  t h e s e  f i n d i n g s  t o  t h e  example  o f
i s o l a t e  B1 m y c o r rh i z a s  by s p e c u l a t i n g  t h a t  i t  i s  p o o r l y  adapted t o
phosphorus -de f ic ien t  f o r e s t  s o i l s  due t o  a lower a f f i n i t y  f o r  phosphate 
than  say X l t e r r e s t r  ? s m y c o r r h i z a s .  Whereas a t  h i g h e r  l e v e l s  o f  
s o l u b l e  phosphorus ,  as found in t h e  compost ,  a l a r g e r  number o f  
a b s o rb in g  s i t e s  (as a r e s u l t  o f  a l a r g e r  s u r f a c e  a rea)  may be 
r e s p o n s i b l e  f o r  t h e  l a r g e r  s e e d l i n g  g ro w th  response seen w i t h  t h i s  
fungus.
I t  shou ld  be emphasized t h a t  none o f  these  t h e o r i e s  is  m u tua l  ly  
e xc lus ive ,  and t h a t  some mycorrh iza l  fung i ,  e s p e c ia l l y  those adapted t o  
a range o f  s i t u a t i o n s ,  may have a combinat ion o f  these fea tu res .
The d i f f e r e n c e s  between t h e  Lacca r  i a s p e c ie s  and X .  t e r r e s t r  i s 
i s o la te s  as we l l  as between d i f f e r e n t  genera seen in these exper iments  
may be r e l a t e d  more s t r o n g l y  t o  p h y s i o l o g i c a l  d i f f e r e n c e s  th e n  t o  
s t r u c t u r a l  d i f fe rences .  I t  is  t h e r e fo re  suggested t h a t  more study in 
t h i s  area would be most b e n e f i c ia l  in e lu c id a t i n g  the d i f f e r e n c e s  seen 
between species and s t r a i n s  o f  mycor rhizal  fungi  in r e l a t i o n  t o  p la n t  
n u t r i e n t s  and o the r  fa c to rs .
8.4.5 Conclusions
The use of  d i f f e r e n t  s o i I s  in t h i s  study has shown t h a t  s o i l  type  
has a st rong in f luence on the behaviour of  d i f f e r e n t  mycorrh iza l  fung i .
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Lambert e t  .al., (1900) have repor ted t h a t  in low phosphate c o n d i t io n s  
the best  p la n t  growth occurred where the p lan ts  were inocu la ted w i th  
in d ig e n o u s  f u n g i  o f  t h a t  s o i l  t y p e ,  and f u r t h e r m o r e  t h a t  no s i n g l e  
inoculum did we l l  in a l l  s o i l s .  This has been r e f l e c t e d  in the r e s u l t s  
o f  t h i s  s tu d y  where th e  m y c o r r h i z a l  i s o l a t e s  f rom f o r e s t  a reas  
p e r fo rm e d  b e t t e r  in f o r e s t  s o i l s ,  w h i l s t  n u r s e r y  i s o l a t e s  produced 
b e t t e r  growth response in nursery type s o i l s .
A f t e r  comparing the behaviour of  in d iv id u a l  mycorrh iza l  i s o la te s  
t o  th e  c o m p o s i t i o n  o f  t h e  s o i l s ,  i t  i s  conc luded  t h a t  t h e  fo rm  and 
level  o f  phosphate in the s o i l  is  an im por tan t  f a c to r  de te rm in ing  the 
success o f  a mycorrh iza,  a l though o ther  fa c to rs  may a lso  be involved. 
The use o f  s o i l  a n a l y s i s  in c o n j u n c t i o n  w i t h  s e e d l i n g  g r o w th  and 
n u t r i e n t  a n a l y s i s  is  t h e r e f o r e  recommended f o r  f u t u r e  s e l e c t i o n  
s tud ies ,  provided t h a t  the s o i l  t e s t s  are s u f f i c i e n t l y  s tandard ized t o  
g ive  useful  in fo rm at ion .
More comprehensive work on the r e la t i o n s h ip  between s o i l  f a c to rs  
and m y c o r r h i z a l  b e h a v i o u r  w o u ld  be i n v a l u a b l e  f o r  a b e t t e r  
understanding of  the mycorrh iza l  assoc ia t ion .
8.5 LY.aluatj.Qn o±  fcioassay mthodgJ-ogy
A n o th e r  purpose o f  t h e  b io a s s a y s  was t o  assess t h e i r  p r a c t i c a l  
value  f o r  f u tu r e  r o u t in e  s e le c t io n  t e s t s  of  mycorrh iza l  fung i .
8.5.1 T ime-sca le
A m a jo r  p rob lem  w i t h  t hes e  b io a s s a y s  i s  t h e  le n g th  o f  t i m e  
r e q u i r e d  b e f o r e  r e s u l t s  can be o b ta in e d  (up t o  12 months).  T h i s  i s  
caused by the inherent  growth ra tes  o f  both mycorrh iza l  fungi  and t r e e  
seedl ings.  Any fa c to rs  which prolong these t e s t s  unnecessar i l y  should 
t h e r e fo re  be e l im ina ted .
<
In mycorrh iza l  s e le c t i o n  te s t s ,  where s p e c i f i c  fungi  are judged on 
t h e i r  in d iv id u a l  m e r i t s ,  spore or  m yce l ia l  inoculum can be used.
The fo rm  o f  inocu lum may, however ,  a f f e c t  t h e  r a t e  a t  wh ich  
mycorrh izas are formed. ChIamydospores and s c l e r o t i a  are s lower  than 
b a s i d i o s p o r e s  in f o r m in g  m y c o r r h i z a s  (Lamb and R ic h a r d s ,  1974a).  
F u r t h e r m o r e ,  m y c e l i a l  inocu lum  can g i v e  a h i g h e r  p e rc e n ta g e  o f  
mycorrhizas- than bas id iospore  inoculum a few weeks a f t e r  i n o c u la t i n g  
p l a n t s  (Theodorou,  1980). : On t h i s  b a s i s ,  m y c e l i a l  inocu lum  may be 
considered m o r e - e f f i c i e n t  than 'spore inoculum. These comparisons are,
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however, not  easy to  judge since i t  is  d i f f i c u l t  t o  equate q u a n t i t i e s  
of  spores and mycelium.
The i n t e r v a l  between sow ing  and i n o c u l a t i o n  can a l s o  a f f e c t  t h e  
r a te  o f  mycorrh iza l  r o o t  f o rm a t ion  and subsequent growth response (Lamb 
and R ic h a r d s ,  1974a, 1974b).  P ine  and sp ruce  s e e d l i n g  s h o r t  r o o t s  
appear a t  16-20 days a f t e r  ge rm ina t ion ,  and mycorrhizas are formed 3-4 
weeks l a t e r  (Laiho and M iko la ,  1964). The mycorrhizas do not t h e r e fo r e  
form u n t i l  a c e r t a in  stage o f  phys io log ica l  development is reached in 
the seed l ings,  which is w e l l  a f t e r  the  f i r s t  s ho r t  r o o t  l a t e r a l s  begin 
t o  appear (Theodorou, 1980).
The in o c u la t io n  of  6 -8  week S i tka  spruce seedl ings in the tube and 
second pot  exper iments gave b e t t e r  o v e ra l l  mycorrh izal  r o o t  fo rm a t ion  
than the in oc u la t ion  of  seed l ings soon a f t e r  germ ina t ion ,  p a r t i c u l a r l y  
w i t h  t h e  s I ower grow i ng i nocu I a such as Cj. oeoph i I um and i s o l a t e s B I  
and B3. Theodorou (1980) a l s o  o b ta in e d  a h ig h e r  p e rc e n ta g e  o f  
m y c o r r h i z a s  when he i n o c u l a t e d  8 week s e e d l i n g s  r a t h e r  than  f r e s h l y  
sown seed. I t  i s  l i k e l y  t h a t  i f  t h e  inocu lum  is  a p p l i e d  a t  s o w in g ,  
then the  inoculum p o te n t ia l  is  reduced or even lo s t  dur ing the f i r s t  6-  
8 weeks b e f o r e  s e e d l i n g  r o o t s  a r e  s u s c e p t i b l e  t o  m y c o r r h i z a l  
c o lo n i z a t i o n .
I t  i s  t h e r e f o r e  conc luded  t h a t  f o r  t e s t i n g  a w ide  range  o f  
mycorrh iza l  fung i ,  e s p e c ia l l y  f o r  seed l ing growth increase, a p p l i c a t i o n  
o f  inocu lum  a f t e r  t h e  f i r s t  few weeks o f  s e e d l i n g  d eve lop m en t  is  
p r e f e r r e d  f o r  more r a p i d  and a l s o  more u n i f o r m  r a t e s  o f  m y c o r r h i z a l  
r o o t  fo rm at ion .
M yce l ia l  inoculum was used in pre ference t o  spore inoculum, p a r t l y
because o f  t h e  d i f f i c u l t i e s  in co l  l e c t i o n  and s to ra g e  o f  spo res  (see
S e c t i o n  3 .4) .  One d is a d v a n ta g e  o f  us ing  m y c e l i a l  inocu lum  i s  t h e
«
l e n g th  o f  t i m e  needed t o  produce s u f f i c i e n t  inocu lum  f o r  use in  t h e  
b io a s s a y s  (3 -4  months).  Recent work a t  S u r rey  has i n v o l v e d  t h e  
in v e s t i g a t io n  o f  c u l t u r e  media and con d i t io n s  w i th  the aim of  improv ing 
the growth ra te  of  mycorrh iza l  fungi  in m yce l ia l  c u l tu re .
8.5.2 Economy
The tube  b io a s s a y s  were s e t  up p r i m a r i l y  because th e y  a re  more 
econom ic  o f  space and m a t e r i a l s  than  p o t  b io a s s a y s .  Ba lm er  (1974) 
d e s c r ib e d  t h e  advan tages  o f  c o n t a i n e r s  f o r  a) improving s u rv iv a l  and
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g ro w th  o f  d i f f i c u l t  t r e e  s p e c ie s ,  b) e x te n d in g  t h e  seed I ing g ro w th  
season, c) r e d u c in g  t h e  t i m e  f o r  s e e d l i n g  p r o d u c t i o n ,  d) a d j u s t i n g  
nursery product ion  t o  meet f l u c t u a t i n g  demands, e) improving p la n t in g  
techniques and f )  eas ie r  a p p l i c a t i o n  of  f e r t i l i z e r s  and pe s t ic id e s .
T h i s  e f f i c i e n t  use o f  r e s o u rc e s  i s  a p ro b a b le  reason f o r  t h e  
inc reas ing  p o p u la r i t y  of  producing t r e e  seedl ings by c o n ta i n e r i z a t i o n  
methods (T in u s  and McDonald,  1979). Some o f  th e  advantages  in  th e s e  
methods are a lso  d e s i ra b le  f o r  r o u t in e  s e le c t io n  t e s t s  o f  mycorrh iza l  
fung i .
8.5.3 Microb ia I contarn i na t ion
The o b j e c t  o f  t h e  s e l e c t i o n  t e s t s  is  t o  assess  i n d i v i d u a l  
m y c o r r h i z a l  f u n g i  f o r  t h e i r  a b i l i t y  t o  enhance p l a n t  g r o w th .  T h i s  
cannot be shown i f  o ther  mycorrh iza l  fungi  are present. Consequent ly, 
indigenous mycorrh iza l  fung i  were removed from the s o i l s  by b io c id a l  
t rea tm en t .
I t  is  im por tan t  t o  r e t a in  s o i l  s t e r i l i z a t i o n  regimes a t  a minimum 
f o r  m y c o r r h i z a l  s e l e c t i o n  s t u d i e s .  The aim is  t o  d e s t r o y  a l l  
indigenous mycorrh izal  fung i ,  but  not necessar i ly  a l l  s o i l  organisms. 
Prolonged s t e r i l i z a t i o n  t re a tm e n t  can r e s u l t  in the  re lease  o f  s o lu b le  
n u t r i e n t s  in t h e  so i  I (IV a rc  up, 1 957) ,  and t h i s  in c re a s e  in  f e r t i l i t y  
may have a la r g e  e f f e c t  on s e e d l i n g  response ,  t e n d i n g  t o  mask any 
e f f e c t s  o f  t h e  m y c o r r h i z a l  fungus  under  t e s t .  T h i s  is  d i s c u s s e d  
f u r t h e r  in S e c t i o n  8.5 .4 .  The m i c r o f l o r a  r e m a i n i n g  a f t e r  t h e  
s t e r i I  i z a t i o n  o f  s o i l s  a p p a r e n t l y  had l i t t l e  e f f e c t  on n u t r i e n t  
a v a i l a b i l i t y ,  s ince the  non-mycorrh iza l  con t ro l  seed l ings grew po o r ly  
in a lmost  a l l  the s o i l s .  The seed l ing growth responses can t h e r e fo r e  
be a t t r i b u t e d  t o  t h e  p resence  o f  s p e c i f i c  m y c o r r h i z a l  f u n g i ,  r a t h e r  
than the  s o i l  m ic r o f l o r a .
The level of  mycorrh iza l  con tam inat ion  in the  gIasshouse 'b ioassays  
has increased dur ing the  years t h a t  these mycorrh iza l  s tud ie s  have been 
conducted. The i n i t i a l  b ioassays, Pot exper iment  1 and Tube exper iment  
1, showed no m y c o r r h i z a l  c o n t a m in a n t s  on t h e  u n i n o c u la t e d  c o n t r o l  
s e e d l i n g s .  In t h e  second tube  e x p e r im e n t  a few c o n t r o l  s e e d l i n g s  
c a r r i e d  c o n ta m in a n t  fE - s t r a i n f fungus  and T. t e r r e s t r  i s m y c o r r h i z a s ,  
b u t  in t h e  second p o t  e x p e r im e n t  a l a r g e  number o f  seedl  ings c a r r i e d  
contaminant  mycorrhizas and t h e re fo re  had t o  be e l im in a te d  from f u r t h e r  
an a ly s i s .
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A summary o f  t h e  c o n t a m in a t i o n  in Po t  e x p e r im e n t  2 is  g i v e n  in 
Appendix 4. The contaminant  m y c o r rh i z a s  were i d e n t i f i e d  u s in g  I i g h t  
m ic ro s c o p y  as ’ E - s t r a i n 1 fungus ,  T. t e r r e s t r i s . P. i n v o l u t u s  and an 
u n i d e n t i f i e d  bas id iomycete s i m i l a r  t o  i s o la te  B1.
Var ious po in ts  of  i n t e r e s t  arose from s tudy ing t h i s  contam inat ion .  
The most obvious was t h a t  the r a p id l y  growing mycor rhizal  seed l ings d id  
n o t  become c o n ta m in a te d .  The ’ E - s t r a i n 1 fungus  was an im p o r t a n t  
c o n t a m in a n t  in T i l h i l l  n u r s e r y  s o i l  o n l y ,  and was n o t  found in  t h e  
t h r e e  f o r e s t  s o i I s  o r  t h e  compost .  The c o n t a m in a t i n g  X  t e r r e s t r  ? s 
mycorrh izas were present in a l l  s o i l s  except T i l h i l l  nursery s o i l ,  but  
a t  low l e v e l s  in th e  compost.  C o n ta m in a t in g  m y c o r r h i z a s  o f  P. 
in vo lu tus  were found in Crychan f o r e s t  s o i l  on ly .  Thus, the behaviour 
p a t t e r n s  o f  these  t h r e e  c o n t a m in a n t s  c l o s e l y  resem b le  thos e  o f  t h e  
r e s p e c t i v e  t e s t  f u n g i  in  t h e  b io a s s a y .  F u r t h e r m o r e ,  p o ts  w i t h  t h e  
contaminant mycorrhizas of  these fung i  were loca l ized  around pots w i th  
these res pec t iv e  inocula. Sporocarps o f  X  t e r r e s t r i s  were produced in 
some o f  t h e  p o t s ,  t h u s  g i v i n g  r i s e  t o  p o s s i b l e  c o n t a m in a t i o n  by t h e  
spread o f  b a s i d i o s p o r e s .  The ’ E - s t r a i n ’ f u n g u s  r e a d i l y  f o r m s  
chIamydospores in c u l t u r e ,  and al though no sporocarps o f  X  ?nvo lu tus  
were found in  t h e  p o ts ,  t h i s  fungus  i s  a l s o  a b le  t o  p roduce s c l e r o t i a  
(Fox, 1983). I t  t h e re fo re  seems l i k e l y  t h a t  con tam inat ion  arose from 
i n f e c t i v e  p ropa gu le s  produced by th e s e  i n o c u l a  in  a d j a c e n t  p o ts  and 
spread ove r  s h o r t  d i s t a n c e s  by a i r  t u r b u le n c e  o r  t h e  method o f  
wa te r ing .
The o c c u r re n c e  o f  t h e  B i - t y p e  c o n t a m in a n t  m y c o r r h i z a s  d id  n o t  
r e l a t e  t o  a d ja c e n t  po ts  w i t h  i s o l a t e  B1 inocu lum .  The B 1 - t y p e  
contaminant appeared in a l l  the s o i l s ,  and is t h e re fo re  poss ib ly  a more 
aggress ive i s o la te  than the one tes ted  in the  bioassays. Hence, t h i s  
c o n t a m in a n t  i s  more l i k e l y  t o  have come f rom an e x t e r n a l  s o u rc e ,  
perhaps from incomplete d e s t ru c t i o n  o f  i n d ig e n o u s  p ro p a g u le s  o f  t h i s  
fungus dur ing s t e r i l i z i n g  t rea tm en t  o f  the s o i l s ,  or  f rom the  batch of  
u n s t e r i l i z e d  peat used fo r  germ ina t ing  the seedl ings.
M y c o r r h i z a l  c o n t a m in a t i o n  reduces  t h e  number o f  r e p l i c a t e s  
a v a i l a b l e  f o r  a n a l y s i s ,  and must t h e r e f o r e  be c o n t r o l l e d  in  f u t u r e  
glasshouse s e le c t io n  te s ts .
8.5.4 N u t r i e n t  contaminat ion
The s o i l s  used in the bioassays were not, in general ,  f e r t i l i z e d  
as t h i s  would  have in t r o d u c e d  y e t  a n o th e r  t e s t  v a r i a b l e .  The
a v a i l a b i l i t y  o f  n u t r i e n t s  t o  p l a n t s  in d i f f e r e n t  s o i l s  r e c e i v i n g  
s i m i l a r  r a t e s  o f  f e r t i l i z e r s  can v a ry  a g r e a t  deal depend ing  on 
i n t r i n s i c  f a c t o r s  such as pH, C.E.C. and a d s o r p t i o n  c a p a c i t y  in each 
s o i l .  F u r t h e r m o r e ,  i t  v;as dec ided  t o  change th e  s o i l s  as l i t t l e  as 
p o s s i b l e  f r o m  t h e i r  n a t u r a l  s t a t e  in  o r d e r  t o  g i v e  a more  
rep re s e n ta t iv e  idea o f  t h e i r  e f f e c t s  on the behaviour of  the d i f f e r e n t  
mycorrh iza l  fung i .
In S e c t i o n  8.5.3 i t  was men t ioned  t h a t  s o i l  s t e r i l i z a t i o n  can 
sometimes r e s u l t  in an increase in s o i l  n u t r i e n t  a v a i l a b i l i t y  (Warcup, 
1957). However, the  poor growth o f  non-mycor rh izal  seed l ings observed 
in thes e  b io a s s a y s  i n d i c a t e s  low f e r t i l i t y  in t h e  s o i l s  d e s p i t e  t h e  
f u m i g a t i o n  p rocedu re .  T h e r e f o r e ,  t h e  g ro w th  in c re a s e s  seen in t h e  
mycorrh iza l  seed l ings can be a t t r i b u t e d  t o  the in d iv id u a l  mycorrh iza l  
i n o c u la  present.
In the tube bioassays i t  was not iced t h a t  a p la n t  growth response 
o c c u r re d  in i n o c u la te d  b u t  n o n - m y c o r r h i z a I  s e e d l i n g s  in some s o i l s .  
The cause of  t h i s  phenomenon was found t o  be contaminat ion  f rom the  PVM 
in ocu I  urn m a t r i x  i n t hos e  s o i I s  w i t h  I ow a d s o r p t i v e  c a p a c i t y .  O th e r  
a u th o r s  have a l s o  reco rded  g r o w th  in c re a s e s  in i n o c u l a t e d  b u t  non-  
mycorrh iza l  p lan ts  (Levisohn, 1953; Lamb and Richards,  1971), bu t  a f t e r  
s t u d y in g  t h e i r  m e thodo logy  i t  would  seem t h a t  a s i m i l a r  n u t r i e n t  
c o n t a m in a t i o n  is  no t  t h e  cause in t h e s e  e x p e r im e n ts .  These g r o w t h  
in c re a s e s  a re  t h e r e f o r e  s t i l l  u n e x p la in e d .  Lundeberg (1970) a l s o  
no t iced a growth increase in some of  h is  inoculated but non-mycorrh iza l  
seed l ings,  but on f u r t h e r  in v e s t i g a t io n  these inocula were found t o  be 
I i t te r-decomposers  and not mycorrh iza l  fung i .
The n u t r i e n t  contam ina t ion  problem in these s tud ies  was probably  
accentuated by the use o f  l o w - n u t r i e n t  s o i l s .  The problem was reduced 
t o  some ex ten t  by thorough r i n s i n g  of  the PVM inoculum m a t r i x ,  and i t  
might  be f u r t h e r  reduced by lower ing the volume o f  PVM inoculum added 
t o  t h e  so i  I s.
The n u t r i e n t  c o n t a m in a t i o n  c o u ld  a l s o  be el  im in a te d  i f  l i q u i d  
m yce l ia l  c u l t u r e s  were used and r insed  thorough ly  p r i o r  t o  in o c u la t i n g  
t h e  so i  I .
8.6 Laboratory-based t e s t s
Greater  knowledge of  the  phys io log ica l  and biochemica l  mechanisms
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o f  m y c o r r h i z a l  fu n g i  in r e l a t i o n  t o  t h e i r  p l a n t  h o s t  and s o i l
e n v i r o n m e n t  would c o n t r i b u t e  much t o  the  u n d e r s ta n d in g  o f  t h e
mycorrh iza l  assoc ia t ion .  Using such in fo rm at ion  i t  may be poss ib le  t o  
design labo ra to ry  t e s t s  f o r  assessing the phys io log ica l  and biochemica l
c h a r a c t e r i s t i c s  o f  m y c o r r h i z a l  f u n g i  as a means o f  s e l e c t i o n .  The
t e s t s  wou ld  und o u b te d ly  be more r a p id  than g la s s h o u s e  o r  f i e l d
e x p e r im e n ts ,  and would t h e r e f o r e  be u s e fu l  f o r  i n i t i a l  s c r e e n in g  o f
large numbers o f  mycorrh izal  iso la tes .
8.6.1 Funga 1 growth ra te
The a b i l i t y  o f  a fungus  t o  grow in s t e r i l e  c u l t u r e  may be more 
in d i c a t i v e  o f  saprophy t ic  p ro p e r t ie s  than mycorrh iza l  c h a r a c t e r i s t i e s .  
Simple growth ra te  exper iments,  such as the one described in t h i s  study 
(7 .1 ) ,  a re  t h e r e f o r e  u s e fu l  f o r  e v a l u a t i n g  th e  p o t e n t i a l  t e c h n i c a l  
a p p l i c a t i o n s  o f  in ocu lum ,  b u t  n o t  t h e  b e n e f i t s  o f  a fungus  in 
mycorrh iza l  assoc ia t ion .
8 .6 .2  Phosphorus nu t r  i t  ion
The poss ib le  r o le  of  mycorrh iza l  acid phosphatase f o r  hyd ro lyz ing  
o r g a n i c  phosphate  sources  w i t h  low s o l u b i l i t y  has been d i s c u s s e d  
p r e v i o u s l y  (2.5.3 and 2.8).
P r e l i m i n a r y  i n v e s t i g a t i o n s  were made on t h e  a c id  phospha tase  
a c t i v i t i e s  o f  t h e  fu n g i  t e s t e d  in t h i s  s t u d y ,  w i t h  t h e  i n t e n t i o n  o f  
r e l a t i n g  t h e  I abo ra to ry - rn e a s u re d  enzyme a c t i v i t i e s  o f  t h e  f u n g i  t o  
t h e i r  c o r re s p o n d in g  e f f e c t i v e n e s s  in i n c r e a s in g  p l a n t  g r o w t h  and 
phosphorus uptake in d i f f e r e n t  s o i l s .
The exper iments descr ibed in Sect ions 7.1.2 and 7.1.3 showed t h a t  
the  f u n g i  d i f f e r e d  in t h e i r  a c id  phosphatase a c t i v i t y  and a b i I i t y  t o  
u t i l i z e  organ ic  phosphates. In Sect ion 7.1.2 the f o r e s t  i s o la t e  o f  T. 
t e r r e s t r  i s p o s s i b l y  had a h i g h e r  a c id  phosphatase  a c t i v i t y  th a n  t h e  
n u rs e r y  i so I a t e  o f  X  I a c c a t a . and t h i s  m ig h t  be r e l  a ted  t o  pho spha te  
a v a i l a b i l i t y  in t h e i r  r e s p e c t i v e  n a t u r a l  e n v i r o n m e n t .  The a c id  
phosphatase a c t i v i t y  of  p l a n t  roo ts  and s o i l  m ic ro-organ isms is induced 
by a low mineral  t o  o rgan ic  phosphate r a t i o  (Burns, 1978). Alexander 
and Hardy (1981) measured a h i g h e r  a c t i v i t y  o f  a c id  phosphatase  in  a 
mycorrh iza l  fungus from a p ho spha te -de f ic ien t  s i t e  than one from a s i t e  
w i th  a moderate a v a i I a b i I i t y  o f  phosphate.
Some mycorrh izal  fung i  a re  found t o  be more e f f i c i e n t  than o the rs
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a t  u t i l i z i n g  o r g a n i c  phosphates  such as - ^ P - l a b e l le d  humus ( M e j s t r i k  
and K rause ,  1973).  The ’ E - s t r a i n ’ fungus ,  wh ich  is  u b i q u i t o u s  in 
n u rs e ry  s i t e s ,  is  r a r e l y  found in f o r e s t  e n v i ro n m e n ts .  In S e c t i o n
7.1.3 t h i s  fungus  v;as shown t o  be le ss  a b le  t o  u t i l i z e  an o r g a n i c  
phosphate  source  than  t h e  n u rs e ry  i s o l a t e  o f  L. l a c c a t a . T h i s  l a t t e r  
s p e c ie s  is  a l s o  found in f o r e s t  e n v i ro n m e n ts .  I t  is  t h e r e f o r e  
specuI a ted  t h a t  X  Ia c c a ta  i s  more ab I e t o  u t i l  ize  organ i c  phospha te  
due t o  a b e t t e r  a d a p t a t i o n  t o  f o r e s t  s o i l s  wh ich  c o n t a i n  h ig h  
p r o p o r t i o n s  o f  o r g a n i c  phosphate .  These were o f  cou rse  p r e l  im in a r y  
t e s t s  o n l y ,  and t h e r e f o r e  more s tu d y  in t h i s  a rea  is  r e q u i r e d  b e f o r e  
f u l l  exp lana t ions  are for thcoming.
U n f o r t u n a t e l y ,  v a r i o u s  p rob lem s  were encoun te red  d u r i n g  th e s e  
exper iments ,  making i t  d i f f i c u l t  t o  form d e f i n i t i v e  conc lus ions on the 
acid phosphatase a c t i v i t i e s  o f  these fung i .  The major problem was in 
o b t a i n i n g  a p h o s p h a t e - f r e e  medium f o r  a n e g a t i v e  g ro w th  c o n t r o l .  
B e fo re  f u r t h e r  t e s t s  can be made on t h e  a b i l i t y  o f  t h e  m y c o r r h i z a l  
fungi  t o  u t i l i z e  less a v a i l a b le  sources o f  phosphate c h a r a c t e r i s t i c  t o  
f o re s t  s o i l s ,  such as in s o lu b le  i ron and aluminium in o s i t o l  phosphates,  
the s o lu b le  phosphate contam inat ion  in t e s t  media should be e l im in a te d .
The a b i l i t y  o f  t hes e  f u n g i  t o  grow on such low l e v e l s  o f  
or thophosphate is  an in te r e s t in g  phenomenon. The MMN n u t r i e n t  s o l u t i o n  
recom m ended  f o r  o p t i m a l  g r o w t h  o f  m y c o r r h i z a l  f u n g i  c o n t a i n s  
173mg P I The ’ E - s t r a i n '  fungus  snd X  I a cca ta  were ab I e t o  grow
a t  an e s t  i mated 7 -9  mg P I . In t h e  b i oassays t h e  m ycor rh  i z a l  f  ung i 
were grow i ng in so i  I phosphate  c o n c e n t r a t i o n s  r o u g h l y  e q u i v a l e n t  t o  
<0.1-3.0mg P I M i t c h  el  I and Read (1981 )  r e p o r t e d  t h a t  t h e
ec tomycorrh iza l  fungus Su i I  I us Iuteus was able t o  grow a t  s i  m i l a r  ra te s  
on 10, 100 and 200mg P l “ ^. The g ro w th  o f  e c to m y c o r rh  i za I f u n g i  i s  
a l s o  shown t o  be i n h i b i t e d  in phosphate  b u f f e r  a t  c o n c e n t r a t i o n s  
g e n e ra l l y  used f o r  b io lo g ic a l  exper iments (equ iva le n t  t o  1550mg P l “ ^) 
(G i l t r a p  and Lewis,  1981).
I t  is t h e r e fo re  speculated t h a t  mycorrh iza l  fungi  in general have 
a r e l a t i v e l y  low requ i rement  f o r  phosphate. I f  t h i s  is the  case, the  
phosphate leve ls  in MMN n u t r i e n t  s o lu t i o n  can j u s t i f i a b l y  be reduced. 
T h is  in t u r n  m ig h t  re d u c e  t h e  n u t r i e n t  c o n t a m i n a t i o n  p r o b l e m  
encountered w i th  PVM inoculum in some s o i l s .  An in v e s t i g a t io n  i n t o  the  
phosphate requ i rements  o f  mycorrh iza l  fung i  is  p resen t ly  being made a t  
Surrey.
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Fur ther  s tud ies  on enzyme a c t i v i t i e s  and phosphate uptake k i n e t i c s  
would be in t e r e s t i n g  f o r  e v a l u a t i n g  d i f f e r e n c e s  between m y c o r r h i z a l  
i s o la te s  in t h e i r  a b i l i t y  t o  u t i l i z e  s o i l  phosphates.
8.7 Perspec t ives  and future
I t  i s  im p o s s ib l e  t o  f i n d  f u n g i  wh ich  a re  idea l  ly  s u i t e d  t o  al  I 
f o r e s t  s i t e s  (Laiho, 1967), bu t  a c o n s i s t e n t l y  good response in a wide 
range o f  s i t u a t i o n s  i s  a good b a s i s  f o r  s e l e c t i n g  m y c o r r h i z a l  f u n g i  
(Theodorou and Bowen, 1970). T h i s  s tu d y  has shown th e  im p o r ta n c e  o f  
t e s t i n g  a la rg e  number o f  i s o l a t e s  in d i f f e r e n t  s o i l s ,  as many f u n g i  
are unsu i tab le  in t h i s  respect.
The r e s u l t s  from the s e le c t i o n  t e s t s  in d ica te  t h a t  X  t e r r e s t r i s . 
L. Iaccata and X  amethystea may be s u i t a b le  fung i  f o r  r o u t in e  nursery  
in o c u la t i o n  o f  S i tka  spruce by v i r t u e  o f  t h e i r  reasonable performance 
in several  s o i l s .
I t  i s  a c c e p t e d  t h a t  i n t r o d u c e d  m y c o r r h i z a l  inocu lum  w i l l  
e v e n t u a l l y  be re p la c e d  by in d ig e n o u s  s p e c ie s  in  t h e  f i e l d  ( M i k o l a ,  
1969; M exa l ,  1980),  b u t  i t s  s h o r t - t e r m  i n f l u e n c e  may make t h e  
d i f f e r e n c e  between success and f a i l u r e  in seed l ing es tab l ishm en t  in the  
f o r e s t  (Marx ,  1980).  The i n t e g r a t i o n  o f  i n o c u l a t i o n  i n t o  n u r s e r y  
p r a c t i c e  and th e  im p o r ta n c e  o f  m y c o r r h i z a l  inocu lum  in  a l l e v i a t i n g  
t r a n s p la n t  shock must be examined be fore  the economics o f  mycorrh iza l  
i n o c u la t i o n  can be judged (Mexal,  1980).
O r ig in a l  nursery mycorrhizas are f o r  the  most p a r t  replaced in the  
f o r e s t  by indigenous spec ies,  and t h e r e fo re  i t  is  im por tan t  t o  s e l e c t  
m y c o r r h i z a l  fu n g i  wh ich  a re  s u i t e d  t o  t h e  f o r e s t  s i t e  (Benecke and 
Gobi, 1974). Mycorrh iza l  fung i  which are e f f e c t i v e  in the glasshouse 
may n o t  be c o m p e t i t i v e  in  t h e  f i e l d  (Theodorou,  1967),  even in  t h e  
shor t  term. I t  is  th e re fo re  essen t ia l  t o  assess se lec ted  mycor rh iza l  
fungi  in the f i e l d  s i t u a t i o n  be fore  t h e i r  commercial  a p p l i c a t i o n  can be 
considered.
Ev idence  o f  s i g n i f i c a n t  d i f f e r e n c e s  between s p e c ie s  and w i t h i n  
species o f  mycor rhizal  fung i  in t h e i r  a b i l i t y  t o  a l t e r  seed l ing  growth 
and n u t r i e n t  s t a t u s  has been found in t h i s  s t u d y ,  and t h i s  has been 
r e p o r t e d  e l s e w h e re  (Theodorou and Bowen, 1970). T h i s  f a c t o r  i s  an 
in t e r e s t i n g  c ons ide ra t ion  f o r  f u t u r e  s e le c t i o n  s tud ies .
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In c o n c l u s i o n ,  t h e  r e s u l t s  p resen ted  here have shown t h a t  t h e  
search f o r  s u i t a b le  mycorrh iza l  fungi  is not s imple.  I t  is  necessary 
t o  c o n s i d e r  no t  o n l y  t h e  e f f e c t  o f  t h e  fungus on t h e  h o s t  p l a n t ,  b u t  
a l s o  how t h e  s y m b io s i s  i n t e r a c t s  w i t h  t h e  s o i l .  O the r  f a c t o r s  
inc lud ing  c l im a te  and the indigenous popu la t ion  of  o the r  organisms are 
u n d o u b te d ly  im p o r t a n t ,  and must  t h e r e f o r e  be examined in  f u t u r e  
exper imenta t ion .
By n a r r o w in g  t h e  range o f  t h e  many i s o l a t e s  a v a i l a b l e  f o r  
in o c u la t io n  o f  nursery stock using these s e le c t io n  t e s t s ,  research can 
be c o n c e n t r a t e d  on t h e  u l t i m a t e  f a t e  o f  t h e  i n o c u la t e d  m y c o r r h i z a l  
seed l ing in the f i e l d ,  and i t s  f u tu re  in fo re s t r y .
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APPENDIX 1
Pr ocedure l o r  s t a t i s t i c a l  ana ly s is  o l da ta
Transformation q±  jla±a
I t  was n o t i c e d  t h a t  t h e  da ta  f rom  t h e  b ioassay  r e s u l t s  d i d  n o t  
f o l l o w  a normal  d i s t r i b u t i o n .  Hence, i t  was necessary  t o  a p p ly  a 
m a th e m a t i c a l  t r a n s f o r m a t i o n  t o  ensure  t h a t  t h e  da ta  approached 
n o rm a l i t y  f o r  the ana lys is  o f  va r iance t o  be v a l i d  (C la rke ,  1980).
A lo g a r i t h m ic  t r a n s fo rm a t io n  is s u f f i c i e n t  f o r  most data,  and t o  
ensu re  t h a t  a l I  t h e  t r a n s f o r m e d  da ta  were g r e a t e r  than  z e r o  t h e  
fo l l o w in g  t ran s fo rm a t ion  was used: 
logio
T h i s  b in o m ia l  t r a n s f o r m a t i o n  i s  n o t  s u i t a b l e  f o r  r a t i o  and 
percentage values (Clarke, 1980), t h e re fo re  an angular t r a n s fo rm a t io n  
was a p p l i e d  t o  t h e  s h o o t - r o o t  r a t i o  and pe rcen tag e  s h o o t  n u t r i e n t  
va lues:
2 a rcs in  y ( x / 10)
Th is  formula  ensured t h a t  the r e s u l t i n g  values could be app l ied  t o  the  
computer programmes designed fo r  the f a c t o r i a l  ana lys is  o f  va r iance  and 
p a r t i t i o n i n g  sums of  squares.
The t ransformed data were used throughout  the s t a t i s t i c a l  an a ly s i s  
procedures.
F is h e rs  least s ig n ifican t difference te s t (FLSD)
ANALYSIS 0F_ VARIANCE
An SPSS com pu te r  package f o r  t h e  f a c t o r i a l  a n a l y s i s  o f  v a r i a n c e  
was used t o  f i n d  the s ig n i f i c a n c e  o f  d i f f e re n c e s  between the e f f e c t s  o f  
s o i l s  and between the e f f e c t s  o f  in o c u la t in g  p lan ts  in general  te rms,  
and a lso  the presence o f  s o i l  x inoculum in te ra c t io n s .  I f  the  F va lue  
f o r  th e s e  components was found t o  be s i g n i f i c a n t  (accep ted  a t  t h e  5% 
l e v e l ) ,  then these data were processed f u r t h e r  in order  t o  lo ca te  the  
p o s i t i o n  o f  s i g n i f i c a n t  d i f fe re n c e s  w i t h i n  these components.
PARJJJIQRIMz SIMS. QL SQUARES
As each v a r i a b l e  ( s o i l  and in o c u lu m )  c o n ta in e d  more th a n  tw o  
elements,  i t  was found necessary t o  do f u r t h e r  t e s t i n g  on p a r t i t i o n e d
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da ta .  Thus F - r a + i o s  were d e te rm in e d  f o r  a l l  i n o c u la  in  each s o i l  
s e p a r a t e l y ,  and f o r  each inocu lum  in  a l l  s o i l s .  The method i s  
descr ibed below.
Le t  Ta,b
t :
Treatment mean value  where
a = inoculum number (con t ro l  = 1) and 
b = s o i l  number 
Rep I i c a t i o n
Number o f  inoculum types t o  be tes ted  
Number o f  s o i l  types t o  be tes ted
a) P a r t i t i o n i n g  .suing q±  squares i o n  -i.nacjLLl.3 In  sel l 1 
(1) Sums of  squares f o r  inocu la  and con t ro l  in s o i l  1
= (T1, 1) 2+(T2 , 1)2+ ------(Tn , 1>2 - < T l , t > 2 + <T2 ( 1 >2+
r  _ r  x t j
Sums o f  squares f o r  inocula on ly in soi 1 1
= <T2 , 1 > 2 + <T3 , , > 2+ • • • • < T n , 1 > 2 - <T2 , 1 > 2 + <T3 , 1 > 2+ • • • • < T n , l > 2
r  _ _ r  x t j
(3) To t e s t  i f  con t ro l  t rea tm en t  d i f f e r s  from inoculated t rea tm en ts  in 
soi I 1
= ( 2 ) -  ( 1)
(4) To c a l c u la te  the mean value f o r  con t ro l  t o  inoculated t rea tm en ts  
= (3)
d f “ =  1
(5) To c a l c u la te  the mean^ value f o r  between inoculated t rea tm ents  
= ( 2 )
d f 1 = No. o f  inocu la ted t rea tments  -  1
( 6 ) F - r a t i o  f o r  con t ro l  t o  inocu la ted trea tments
*= (4)
res idua l  mean^ *
obtained dur ing f a c t o r i a l  ana ly s is  
of  var iance
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(7) F - r a t i o  f o r  between inoculated trea tments
= ( 5)_______
res idua l  mean^
I f  t h e  F - r a t i o  is  s i g n i f i c a n t  then  m u l t i p l e  c om pa r iso ns  can be 
made on t h i s  p a r t i t i o n e d  data by the LSD t e s t .
This  process is repeated f o r  inocula in each s o i l  sepa ra te ly .
b) P a r t i t i o n i n g  sums o± squares i a r  inoculum 1 I n  a l l  .SP.ils
(1) Sums of  squares f o r  inoculum 1 in a l l  s o i l s
r  x t,.
(2)  To c a lc u la te  the mean^ va lue f o r  inoculum 1 in a l l  s o i l s  
= ( 1)
df No. o f  s o i I s  -  1
(3) F - r a t i o  f o r  inoculum 1 in a l l  s o i l s
= ( 2 )_________
res idua l  mean^
I f  t h e  F - r a t i o  is  s i g n i f i c a n t  then  m u l t i p l e  co m p a r is o n s  can be 
made on t h i s  p a r t i t i o n e d  data.
Th is  process is repeated f o r  each inoculum in a l l  the  s o i l s ,
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APPENDIX 2
generating confidence Ifmfts for absolute and re la tiv e  growth rates
The g ro w th  r a t e s  were c a l c u l a t e d  by I i n e a r  r e g r e s s i o n  a n a l y s i s  
us ing  a 'MINITAB1 com pu te r  package. T h i s  a n a l y s i s  a l s o  g e n e r a te s  a 
s ta n d a rd  e r r o r  v a lu e  f o r  t h e  s lo p e .  From t h i s  v a lu e  95$ c o n f i d e n c e  
l i m i t s  can be determined as descr ibed below.
Le t  R = s lope (growth ra te )
SE = standard e r r o r
N = number o f  co -o rd in a te  pa i rs  used t o  c a l c u la te  the  s lope
M u l t i p l y  SE by the s tu d e n t ' s  t - v a l u e  a t  P<0.05 and d f  (N-2) .  
There fo re ,  95$ conf idence l i m i t s  f o r  R 
= R ±  SE x t (0 #05#N_2 )
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APPENDIX 3
H ie  l iny ^g. ight  value q sl u n i t  m lume o±  soi  Is
Soi I Dry we ight per ml soi
(g ml- 1 )
Crychan f o r e s t  0.640
A ld e r h o l t  f o r e s t  0.377
Ferndown f o r e s t  0.526
T i I h i I  I nursery 1.564
I r o n h i l l  nu rsery  1.372
prepared compost 1.080
APPENDIX 4
Typ&s o l roycor-riii z.aJ .CQJi.tami.nant i n  £o± exper iment 2
Soi 1s
1nocu1 a Crychan A ld e rh o l t Ferndown T i l h i i l I ronh i 11 Compost
PVD Tt - B1 A3, B1 B1, T t B1
(9) (4) (15) (1) (5) (10) ( 2 )
PVM B1 B1, T t - - A3, B1 T t ,  B1
(15) ( 6 ) (3) ( 2 ) ( 2 ) ( 2 ) ( 2 )
B1 P i ,  T t - - A3 - -
(1) (4) ( 11)
Pi B1 B1 T t ,  B1 A3, B1 B1 T t ,  B1
( 1) ( 8 ) (4) (5) (9) (1) ( 2 ) ( 2 ) ( 2 )
TtN - - - A3 - -
(15)
TtF - - - A3, B1 - -
(8 ) ( 1)
A3 B1, T t T t - - - -
(5) (5) (8 )
To ta ls
T t 18 11 4 0 10 4
Pi 1 0 0 0 0 0
A3 0 0 0 58 2 0
B1 21 14 9 3 9 6
KEY
1nocula: PVD = water con t ro l Pi = P. invo lu tus  -i
PVM = MMN con t ro l  TtN = X*. t e r r e s t r i s  (Nursery)
B1 = nursery basidiomycete TtF = X*. t e r r e s t r  is (Fo res t )
A3 = 'E - s t r a in *  fungus
Contaminants:  T t  = T. t e r r e s t r  is Pi = P. invo lu tus
A3 = ' E - s t r a i n '  fungus B1 = basidiomycete
(n) = Number o f  r e p l i c a t e  seed l ings (20 per t rea tm en t )
on which the contaminant was found
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